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Meta-Omics-Derived Structure, Function, and Activity of Mixed Microbial Communities 
Driving Biological Nutrient Removal and Recovery 
Medini Annavajhala 
Improved process design and operation of systems engineered for the biological removal and 
recovery of carbon, nitrogen, and phosphorus from waste streams requires an understanding of the 
mixed microbial communities employed. While traditional microbiology techniques have been 
used to characterize the metabolic capability and activity of some organisms responsible for 
nutrient cycling, the metabolism of novel organisms and dynamics of complex microbia l 
communities have been insufficiently revealed. The development and increased commercia l 
availability of next-generation sequencing technology over the last 5-7 years has led to immense 
data-gathering capabilities from biological systems at the DNA ((meta)genomics), RNA 
((meta)transcriptomics), and protein ((meta)proteomics) levels. However, the application of next-
generation sequencing and bioinformatics to engineered biological processes remains rare, and 
major gaps still exist in the reference databases and metabolic understanding of single organisms 
(genomics) and mixed communities (metagenomics) driving biological nutrient removal and 
recovery in wastewater and food waste. This dissertation therefore had several major objectives: 
(1) Improving understanding of microbial conversion of food waste to volatile fatty acids; (2) 
Surveying pilot- and full-scale global biological nitrogen removal communities; (3) Application 
of mainstream deammonification; and (4) Adding to the sparse genomic reference database related 
to enhanced biological phosphorus removal (EBPR). The model of acidogenesis and acetogenesis 
from food waste was significantly expanded, and used to link shifts in microbial community 
structure and functional potential, caused by varying reactor operating conditions, to the 
 
 
production and speciation of volatile fatty acids for a variety of endpoint uses. Unexpected trends 
in the microbial ecology and functional potential of global full-scale systems were also uncovered, 
indicating opportunity for further enhancement of nitrogen removal through microbial community 
selection as a response to increasingly stringent nitrogen discharge permit levels. At the lab-scale, 
energy- and cost-saving anaerobic ammonia oxidation (anammox) was successfully applied as an 
alternative to conventional biological nitrogen removal under suboptimal mainstream wastewater 
conditions without constant bioaugmentation. Lastly, the annotation of PAO and GAO 
metagenomes from highly enriched cultures for which long-term morphological, physiologica l, 
and performance data were available allowed for increased confidence in the resulting genetic 
insights into the anaerobic metabolism and denitrification capabilities of these organisms. A 
systems biology approach to the analysis of engineered bioprocesses provided insights on 
microbial community structure and functional capabilities which were previously unavailable and 
unattainable. Ultimately, the work reported here will lead to better diagnoses of underlying issues 
in problematic bioreactors and smarter design of new wastewater and food waste treatment 
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1.1 Biological Nutrient Removal and Recovery 
The removal of key nutrients, i.e. phosphorus and nitrogen, to meet federal and state discharge 
regulations is an essential part of the treatment of wastewater. Insufficient removal of these 
nutrients can be linked to eutrophication, toxicity, and greenhouse gas (GHG) emissions in 
receiving water bodies, connecting the engineered water cycle with air quality and public health 
concerns. The United States Environmental Protection Agency has also acknowledged not only 
the significance of nitrogen and phosphorus removal from waste streams, but also connections 
between these nutrient cycles since 2011 as part of the Nitrogen & Co-Pollutant Research 
Roadmap [1]. Although physical and chemical options exist, including filtration, coagulation, and 
membrane separation, biological nutrient removal is conventionally employed in wastewater 
treatment and involves both the transformation of harmful compounds to nonreactive species and 
the assimilation of nutrients into the growing microbial community itself [2]. Carbon cycling in 
waste streams is also tied to the removal of phosphorus and nitrogen due to the metabolic pathways 
utilized by key microorganisms involved. Furthermore, transformation of organic carbon in 
wastewater and food waste represents an opportunity to move from a focus on nutrient removal to 
biological nutrient removal and recovery (BNRR) due to the demand for organic endpoints such 
as methane and volatile fatty acids (VFAs).    
Unique growth and substrate utilization characteristics of organisms involved in BNRR 
make information about microbial ecology, potential, and activity critical to understanding and 
predicting the performance of any biological waste treatment system [3]. Emerging cost-effective 
and sustainable BNRR strategies, and newer technology available for the understanding of 
biological systems, make such deeper understanding more obtainable, and are the focus of the 




1.1.1 Carbon Recovery from Food Waste 
Food wastage refers to the discarding of food products and scraps which are fit for human 
consumption, whether spoiled or not [4]. Previously, the United States Food and Agriculture 
Organization had estimated that about one-third of food produced globally is lost to both food loss, 
the spoiling or loss of food as unintended consequences of the production or transportation 
processes, and food waste [5]. This amount represented 1.3 billion tons in 2011 alone, worth over 
$1 billion USD, and is expected to continue to rise. These incredibly high levels of food waste 
represent not only the unnecessary use of resources and energy to produce food that will never be 
consumed, but also raises the issue of transporting, storing, and treating such a large waste stream.  
The US EPA estimated that in 2012 alone, 35 million tons of food waste ended up in landfil ls, 
comprising over 20% of municipal landfill-bound waste, and have pledged to reduce food waste 
and loss headed to landfills by 50% by 2030 [6].  
 Conventionally, biological “treatment” of organic carbon wastes involves the oxidation of 
influent C, typically at an oxidation state of C(0), to low-energy carbon dioxide (C(+IV)). Some 
portion of the influent C is assimilated into heterotrophic microorganisms which use organic 
carbon for growth. Alternatively, anaerobic digestion (AD) can reduce carbon to form compounds 
such as methane (CH4), which can more easily be repurposed or directly used for heat and energy 
generation. While AD has been successfully used to treat sewage, fecal matter, and food waste, 
among other substrates, to produce methane-containing biogas, other endpoints such as volatile 
fatty acids (VFAs) exist which could be equally attractive and are included in the focus of this 
dissertation. VFA production from AD could represent another pathway to biological nutrient 




However, studies regarding AD, and specifically the production of VFAs through 
anaerobic fermentation of waste, have focused on reactor design and operation conditions to 
maximize the production and desired speciation of outputs [8]. Microbial communities involved 
in AD processes have been incompletely studied, and at insufficient depth to truly understand the 
metabolic transformations involved.    
1.1.1.2 Volatile fatty acids as desired anaerobic digestion endpoints 
The potential for complete AD to produce biogas has led to sustained interest in this process and 
its implications for the repurposing of carbon-rich waste streams as substrates for energy and/or 
heat production. However, AD intermediates such as (short-chain) volatile fatty acids (SCFAs, 
VFAs) are often ignored despite their potential use in the production of bioplastics, biodiesels, 
industrial chemicals, and more [8]. VFAs are defined here to include formate:C1, ethanoate:C2, 
acetate:C2, lactate:C3, propionate:C3, butyrate:C4, succinate:C4, and valerate:C5. 
Food waste, rich in readily biodegradable carbon in the form of carbohydrates, fats, and 
proteins, can be particularly useful for VFA production, at the same time becoming a treatment 
option for such a ubiquitous waste stream. However, feed characteristics, reactor design and 
operation, pH, and temperature all impact VFA production and speciation, which can be crucial to 
different uses of VFAs [9, 10]. Accurate understanding of VFA production pathways in anaerobic 
digesters is needed to understand the impacts of these parameters on AD, and to tailor reactor 
design and operation for desired endpoints. 
1.1.1.3 An incomplete model 
 Anaerobic digestion (AD) involves the stepwise breakdown of complex organic molecules 
through hydrolysis, acidogenesis, acetogenesis, and methanogenesis into successively simpler 




Figure 1). Hydrolysis is responsible for the degradation of large and complex carbohydrates to 
simple sugars, proteins to amino acids, and lipids and fats to fatty acids [11]. Acidogenesis then 
transforms these intermediate molecules into fatty acids and eventually to acetate and hydrogen 
through acetogenesis. Acetate and hydrogen are finally utilized by methanogenic organisms to 
produce methane. 
  
Figure 1. Currently cited model for anaerobic digestion of food waste, adapted from [11] 
 
This widely cited model for AD of food waste in engineered systems, however, is outdated 
and presents several concerns. Heavy focus on acetate and ultimately methane production ignores 
other VFAs as desirable outputs and indeed ignores distinct pathways which can produce VFAs 
such as propionate and butyrate (Figure 1). Furthermore, interactions between pathways are either 
ignored or oversimplified, as in the case of propionate, butyrate, and succinate production and 
interconversion between these SCFAs and acetate. Lastly, reversibility is completely ignored in 




could influence the ultimate output and speciation of VFAs due to interconversion between VFA 
species and the use of VFAs as substrates in fatty acid elongation.  
Recently, several reports have discussed the impact of AD reactor operations on microbia l 
community [12-15]. Yet these studies focus on methanogens rather than the organisms performing 
acidogenesis and acetogenesis, or do not go into detail regarding the specific pathways involved. 
The few studies which do contain greater detail in these steps of AD mostly focus on those 
pathways which exist in the human body and are important to human health [16-19]. As a result, 
connections between organisms capable of acidogenesis and acetogenesis and engineered 





Figure 2. Genera involved in carbon, nitrogen, and phosphorus removal and recovery in BNRR systems 
[20] 
 
1.1.2 Biological Nitrogen Removal (BNR) 
Nitrogen is an essential nutrient for all living organisms, as it is part of the structure for both nucleic 
acids (DNA, RNA) and proteins. However, the availability of excessive N in water bodies can lead 
to eutrophication, or the proliferation of algae, toxic cyanobacteria, and other microbiota which 
can deplete dissolved oxygen supplies and cause harm to other aquatic organisms [21]. 




nitrogen-based fertilizers to increase crop yields and the production of gaseous NO and N2O during 
the combustion of fossil fuels. These processes result in the formation of reactive compounds such 
as ammonia, nitrite, and nitrate which are key drivers of eutrophication. These compounds can 
directly enter water streams in agricultural runoff or precipitation, or can pass through engineered 
systems for wastewater treatment before discharge. Biological nitrogen removal (BNR) employs 
mixed microbial communities to remove harmful nitrogenous compounds (ammonia, nitrite, 
nitrate) from wastewater through conversion to the nonreactive dinitrogen gas (N2). Several 
options for BNR strategies exist, and the microorganisms involved continue to be studied for better 
and more efficient applications in engineered wastewater systems. Conventional BNR is the 
traditional method for BNR, yet involves the use of aeration to provide oxygen as an electron 
acceptor for multiple microbial reactions (see 1.1.2.1). Therefore, the emergence of anaerobic 
ammonia oxidation (anammox) as a “shortcut” to nitrogen removal has become attractive (see 
1.1.2.2). Lastly, the recent discovery of complete ammonia oxidation (comammox) in a single 
organism has led to a re-evaluation of possible microbial transformations and a need for updating 





Figure 3. Engineered nitrogen cycle and key microorganisms 
1.1.2.1 Nitrification in conventional BNR 
Conventionally, influent ammonia is oxidized to nitrite and then to nitrate by two distinct types of 
autotrophic nitrifying bacteria (ammonia-oxidizing bacteria, AOB, and nitrite-oxidizing bacteria, 
NOB), followed by the reduction of nitrate by organoheterotrophic denitrifying bacteria to 
ultimately form N2 [22] (Figure 3). Four genera contain AOB (Nitrosomonas, Nitrosospira, and 
Nitrosovibrio (β-Proteobacteria), and Nitrosococcus (γ-Proteobacteria)) [23], and four contain 
NOB (Nitrobacter (α-Proteobacteria), Nitrococcus (γ-Proteobacteria), Nitrospina (δ-
Proteobacteria), and Nitrospira (Nitrospirae) [24-26] (Figure 2). Recently, a member of the 
Chloroflexi phylum, Nitrolanceta hollandicus, has also been found to contain nitrite-oxida t ion 
capabilities, yet its activity has not yet been thoroughly assessed [27]. Nitrification through these 
organisms uses ammonia (AOB) or nitrite (NOB) as electron donors, oxygen as the primary 
electron acceptor, and fixed carbon dioxide as the source of carbon. Some Nitrobacter and 
Nitrospira contain gene sequences related to the utilization of organic substrates for the 
dissimilatory reduction of nitrate to ammonia (DNRA), while other fully sequenced nitrifiers are 




decade, study of nitrifying bacteria was limited by microbial techniques and focused on a handful 
of key functional genes (see 1.2.2). Since then, next-generation sequencing [29] (see 1.2.3) has 
elucidated the full metabolic capabilities of many AOB and NOB and has allowed better 
understanding and prediction of nitrification in BNR systems [24-26, 30-32]. 
 AOB oxidize ammonia to hydroxylamine through ammonia monooxygenase (AMO, coded 
for by the amo gene) using oxygen as the electron acceptor (Figure 4). Hydroxylamine is then 
oxidized further to form nitrate, catalyzed by hydroxylamine oxidoreductase (HAO, hao), which 
produces electrons both to cycle back and drive ammonia oxidation and to generate energy [33]. 
The conversion of ammonia to nitrite by AOB is referred to as partial nitrification. AOB are also 
capable of autotrophic nitrifier denitrification, which involves the reduction of nitrite into nitric 
oxide (NO) by nitrite reductase (coded for by the nir gene) and further reduction to nitrous oxide 
(N2O) by nitric oxide reductase (nor) [34, 35]. The fixation of carbon dioxide for cellular growth 
by AOB is primarily achieved through the Calvin-Bassham-Benson (CBB) cycle, which is driven 
by the rate-limiting step catalyzed by ribulose-1,5-bisphosphate carboxylase/oxygenase 





Figure 4. Nitrogen metabolism pathways and key enzymes involved 
 
 Full nitrification or simply nitrification refers to partial nitrification by AOB plus the 
oxidation of nitrite to nitrate by NOB. Aerobic conversion of nitrite to nitrate is driven by nitrite 
oxidoreductase (NXR) in NOB, though the reverse reaction is possible under oxygen limita t ion 
with the use of organic carbon sources as electron donors (Figure 4). The functional importance 
and phylogenetic diversity of NXR-coding gene sequences (nxr) has even led to its use as a 
biomarker for Nitrobacter and Nitrospira [37, 38]. Nitrobacter hamburgensis X14 is the only NOB 
species to date found to contain the nor gene for converting NO to N2O through nitrifier 
denitrification, indicating that this pathway is more species-dependent in NOB than AOB, 
although possible [26]. Carbon fixation in NOB is also more diverse. Although Nitrobacter use 
the same RuBisCO-mediated CBB cycle, Nitrospira fix CO2 using the reverse of the well-stud ied 
tricarboxylic acid cycle, or the reductive TCA cycle (rTCA) [24-26] (Figure 5). The rTCA cycle 




lyase (ACL, acl), α-keto-glutarate:ferredoxin oxidoreductase (α-KG, OFOR, kgs), and fumarate 
reductase (FR, frd) (Figure 5).  
 
Figure 5. Carbon fixation pathways in autotrophic bacteria involved in biological nitrogen removal 
 
 Functional gene (amo, hao, nir, nor, nxr) and phylogenetic distribution analyses have 
driven much of the current understanding about nitrifiers in BNR systems, and the genetic insights 
gained by initial genome and metagenome reconstructions of AOB and NOB have been invaluab le. 
The next step is increased understanding of what these organisms are capable of, and how they 
respond to changes in environmental conditions, in mixed communities as are used in real 
engineered systems. For such a detailed level of analysis, next-generation sequencing and meta-
omics will play a critical role (see 1.2).    
1.1.2.2 Anaerobic ammonia oxidation (anammox) 
Energy usage and costs associated with BNR involve both the intensive aeration 




These costs have led to excitement upon and since the discovery of an alternative “shortcut” 
nitrogen removal pathway in Delft, Netherlands about 20 years ago, which seemed to convert 
ammonia and nitrate directly to N2 [39]. Anaerobic ammonia oxidation, or anammox, as later 
realized, makes use of bacteria (anaerobic ammonia-oxidizing bacteria, AMX) which use ammonia 
as an electron donor and nitrite as an electron acceptor to convert both compounds to N2 via 
hydrazine (N2H2), an intermediate unique to this process [40]. Through suppression of NOB 
activity to prevent competition for nitrite as a substrate, nitritation (the incomplete oxidation of 
ammonia to nitrite) by AOB can be combined with anammox in either a single or multiple reactors  
[41-43]. Anammox occurs under limited dissolved oxygen (DO) conditions and AMX are 
autotrophic, i.e. use inorganic carbon as the sole carbon source [40]. This means a potential 
reduction of aeration costs by up to 60% compared to conventional BNR systems, and elimina tion 
of any need for external carbon sources used to drive denitrification [39].  
 The first step in AMX metabolism, conversion of ammonia and nitrite to hydrazine through 
nitric oxide, is catalyzed by hydrazine synthase, also referred to as hydrazine hydrolase (HZS or 
HH, coded for by hzs) (Figure 4) [42]. The production of NO as an intermediate is supported by 
the annotation of nir genes coding for nitrite oxidoreductase in AMX, although some AMX code 
for a copper-containing NIR (nirK) as in AOB, while others code for a heme cd1-containing NIR, 
(nirS) [42]. Hydrazine/hydroxylamine oxidoreductase, or hydrazine dehydrogenase, (HZO/HAO, 
hzo, HDH, hdh), then converts hydrazine to N2. Energy for anammox is generated from the 
oxidation of nitrite to nitrate through nitrate oxidoreductase (NAR, nar) [42]. Unlike AOB and 
NOB, AMX sequenced to date utilize the Wood-Ljungdahl pathway for CO2 fixation, which 




Five genera of AMX have been identified within the Planctomycetes phylum: Candidatus 
“Anammoxoglobus”, Candidatus “Brocadia”, Candidatus “Jettenia”, Candidatus “Kuenenia”, 
and Candidatus “Scalindua” [44-52] (Figure 2). Uniquely, AMX contain an intracellular 
compartment referred to as the anammoxosome, where the catabolic anammox biochemistry 
occurs [53]. This compartment is self-contained with low membrane permeability, although in 
some cases observed to take up more than 60% of total cell space, perhaps to protect the cell from 
hydrazine and nitric acid toxicity and prevent dissipation of proton gradients required for energy 
production [54]. 
Attempts to isolate and culture AMX have remained unsuccessful, in part due to their 
relatively long doubling time [55] and sensitivity to oxygen and nitrite levels [56, 57]. Therefore, 
NGS has been used to annotate several AMX metagenomes thought to be highly enriched in 
different species, which represent the only current references available for genetic studies of AMX: 
Ca. “Brocadia fulgida” [45], Ca. “Brocadia sinica” [58], Ca. “Jettenia asiatica” [46], Ca. “Jettenia 
caeni” [44], Ca. “Kuenenia stuttgartiensis” [49, 57], Ca. “Scalindua brodae” [59], Ca. “Scalindua 
profunda” [51], and Ca. “Brocadia caroliniensis” [60]. Unfortunately, due to the lack of more 
comprehensive AMX reference metagenomes, understanding of the specific biochemica l 
properties of AMX and their cellular responses to environmental conditions remains incomplete.  
1.1.2.3 Complete ammonia oxidation (comammox) 
Recently published studies have highlighted the potential for a different pathway for 
nitrogen transformation—complete ammonia oxidation (comammox) to nitrate in a single type of 
organism (CMX) rather than a mixed community of AOB and NOB [61, 62]. Only three CMX 




“Nitrospira inopinata”, Candidatus “Nitrospira nitrificans”, and Candidatus “Nitrospira nitrosa” 
[61, 62]. 
 CMX compete with AOB, other non-CMX NOB, and AMX for substrate (ammonia and/or 
nitrite), and therefore cannot be ignored in the assessment of BNR community ecology and the 
efficacy of reactor design and operation. Although reactors studied in this dissertation were 
designed to be enriched in or make use of anammox capabilities, the presence of CMX-related 
genes was detected and quantified to show the potential for such functionality even in anammox-
utilizing systems. However, discovery, application, and understanding of CMX is still extremely 
new, and the recent emergence of such a novel understanding of nitrification highlights the gaps 
in our current understanding of organisms involved in BNRR. 
1.1.3 Enhanced Biological Phosphorus Removal (EBPR) 
1.1.3.1 Biological accumulation and storage of phosphorus 
Phosphorus, like nitrogen, can cause eutrophication in receiving water bodies if not removed from 
wastewater streams. Enhanced biological phosphorus removal (EBPR) takes advantage of the 
ability of phosphorus-accumulating organisms (PAOs) to remove and sequester ortho-phosphorus 
(ortho-P) from wastewater, resulting in biomass containing up to 38 mg P/mg VSS [63-65]. 
Multiple models for EBPR by PAOs have been proposed over the years, such as the Mino and 
Comeau-Wentzel models [65] (Figure 6). These heterotrophic organisms accumulate organic 
carbon such as VFAs internally as polyhydroxyalkanoate polymers (PHAs), using energy from the 
cleavage of poly-phosphate (poly-P) and reducing equivalents from the glycolysis of glycogen 
under anaerobic conditions [66]. PHAs are then hydrolyzed under aerobic conditions to drive the 
accumulation of poly-P through uptake of ortho-P from wastewater. The energy produced from 




and utilization of both C and P thus generally requires cycles of anaerobic-aerobic conditions for 
net biological phosphorus (bio-P) accumulation, although denitrifying PAO (dPAO) are capable 
of accomplishing P uptake and poly-P storage under anoxic conditions using nitrite or nitrate rather 
than oxygen as an electron acceptor [67, 68]. 
  
 
Figure 6. General schematics for enhanced biological phosphorus removal (EBPR) by phosphorus-
accumulating organisms (PAOs) 
EBPR is notoriously unstable, however. Fluctuations in P removal rates have been reported 
due to a variety of reasons, including excessive anaerobic nitrate loading, precipitation events, and 
microbial competition [69-71]. Improving the current breadth of knowledge about the organisms 
involved in EBPR, and their ability and tendency to react to environmental changes, could aid in 




1.1.3.2 Phosphorus-Accumulating Organisms 
 Understanding of the specific organisms responsible for phosphorus accumulation remains 
sparse. Indeed, for decades, the organism responsible for EBPR was incorrectly identified as 
Acinetobacter [72], rather than Candidatus “Accumulibacter phosphatis” (CAP, β-
Proteobacteria), for which there is now overwhelming evidence and consensus [73-77] (Figure 
2). CAP has been further refined into clade- (CAP Clade I and II) and strain-level differentia t ion 
(CAP IA-E, CAP IIA-H), based on distinctions in the sequences of 16S rRNA and polyphosphate 
kinase 1 gene (ppk1) [74, 78, 79].  However, literature regarding PAO activity has been dominated 
by studies which infer microbial activity through chemical analyses and reactor performance, or 
molecular approaches that target only the key functional genes involved in polyphosphate 
accumulation [68, 69, 80-83]. In-depth sequencing-based reconstruction of detailed metabolic 
pathways has only recently been attempted, in part due to limitations of the ability to culture PAOs 
and the technical difficulties involved in the annotation of single genomes from samples containing 
other organisms. In fact, only twelve PAO (1 complete, 11 draft) metagenomes have been 
sequenced, annotated, and published to date [77, 84-86].  
Discrepancies between reactor performance-based work and the various metagenomic 
analyses have led to unclear and conflicted reports regarding denitrification capabilities (the ability 
to utilize nitrite and/or nitrate as an electron acceptor), glycogen storage, and more in the different 
CAP clades [80, 84, 86]. Even the ppk1 gene, historically used as a biomarker for PAO phylogeny 
and activity [74], may be insufficient, as evidence for an alternative poly-P degradation pathway 
catalyzed by polyphosphate:AMP phosphotransferase has been suggested [87, 88]. Given the 




classification based on ppk1, and now, PAO metagenomes, further work is needed to identify the 
microbial functions necessary for and related to EBPR.   
1.1.3.3 Glycogen-Accumulating Organisms  
Although incapable of bio-P accumulation, glycogen-accumulating organisms (GAOs) compete 
with PAOs in the storage of organic carbon under anaerobic conditions and are therefore important 
to consider in EBPR systems. Attempts to out-select GAOs have been difficult due to the limited 
understanding of both GAOs and PAOs, yet several factors have been shown to affect the 
competitive abilities of each group. For example, propionate vs. acetate as a carbon source, lower 
COD:P influent ratio, higher aerobic pH, sludge age, and lower DO have been suggested as 
favorable for PAO activity and/or inhibitory to GAOs [89]. It is unclear whether the role of 
anaerobically stored glycogen in PAOs is primarily to generate reduction equivalents for the 
conversion of VFAs to PHA, or to replace poly-P as the sole source of energy. Regardless, this 
competition has been reported to significantly increase anaerobic VFA substrate needs and 
ultimately operating costs [69, 71, 90, 91]. 
 Specific knowledge about GAOs and their metabolic pathways remains incomplete, as with 
PAOs. Defluviicoccus (α-Proteobacteria) and Candidatus “Competibacter phosphatis” (CCP, γ-
Proteobacteria) lineages, and more recently Candidatus “Propionivibrio aalborgensis” (β-
Proteobacteria) have been phylogenetically identified as GAOs [92-94] (Figure 2). Despite the 
identification of these organisms, and classification of 7 CCP subgroups, only 2 GAOs have been 
sequenced and annotated: Candidatus “Competibacter denitrificans” (CCP lineage 1) and 
Candidatus “Contendobacter odensis” (CCP lineage 5) [95]. 
 Expanding the current database of PAO and GAO metagenomes is critical to better 




PAO or GAO strains, as well as the ready availability of performance data under a variety of 
environmental conditions can greatly reduce the impacts of conflicting activities across strains on 
genome annotation, and thus improve the accuracy of newly published metagenomes. 
1.2 Next-Generation Sequencing and Meta-Omics 
1.2.1 The Central Dogma 
The Central Dogma of biology relates the conservation and inheritance of DNA with the 
transcription of RNA and ultimately the translation to proteins and functional enzymes which are 
the foundation for biological metabolism. Coding regions of DNA (genes) are transcribed to 
messenger RNA (mRNA), which is then translated into proteins with the help of ribosomal RNA 
(rRNA) and transfer RNA (tRNA) (Figure 7). Proteins are ultimately required by microorganisms 
to catalyze metabolic reactions that would otherwise be thermodynamically infeasible, unlike ly, 
or extremely slow, by stabilizing high energy transition states.  
 
Figure 7. Central Dogma of Biology 
However, several levels of regulation ensure that organisms function as needed in a given 
environment, yet as efficiently as possible. Firstly, not all of the functional potential of an organism 
is consistently realized—transcriptional regulation controls the timing and number of copies of 
genes expressed as RNA, as the first form of a biological response to intra- or extra-cellular signals. 




or enzyme function can be regulated in several ways, including folding or post-translationa l 
modifications to protein structure, or through activation or inhibition feedback loops. 
Understanding the mechanisms which control how an organism functions, changes, and adapts 
based on environmental signaling is critical to the design, prediction of performance, and diagnosis 
of bioreactors such as those employed in BNRR.    
1.2.2 Conventional microbiology techniques 
The study of microorganisms and their metabolic functions is not a new concept by any means, 
yet traditional techniques are often limited in scope and data-gathering capacity. Microscopy 
techniques such as conventional light and fluorescence microscopy have been used to visually 
identify morphological characteristics of microorganisms, with several AOB, for example. 
Culturing can provide insight into the growth abilities of different microbes. Yet many BNRR 
organisms such as AMX, CMX, CAP, and CCP have thus far been impossible to isolate and culture 
[61, 89, 96]. More advanced techniques such as fluorescence in situ hybridization [97] have 
utilized microscopy to assess microbial community composition by targeting organisms using 
specifically designed probes that are distinguishable under fluorescent light, as traditionally used 
in the quantification and classification of CAP [73].  
Polymerase chain reaction (PCR), quantitative PCR (qPCR), reverse transcription PCR 
(RT-PCR) are methods of amplifying regions of DNA or cDNA (complementary DNA created 
through reverse transcription (RT) from single-stranded RNA) to identify and to quantify DNA or 
RNA targets. However, enough information about targeted regions of DNA or RNA is needed to 
even design primers for PCR, and a limited number of genes can be targeted at once. Traditiona l 
Sanger sequencing of short DNA or cDNA fragments after gel-based separation methods to isolate 




(DGGE), have been successful in the identification of sequences belonging to various genes, 
millions of which have been published in the National Center for Biotechnology Information 
(NCBI). These techniques have been invaluable in our current levels of understanding about 
microorganisms such as those involved in BNRR, and they do have certain advantages over NGS 
in terms of cost, ease of use, and time required. At the same time, traditional methods can only 
provide so much information about microorganisms, especially with respect to the intricate 
intracellular metabolic pathways responsible for BNRR.     
1.2.3 Next-generation sequencing 
Next-generation sequencing [29] uses biochemistry techniques to obtain high-throughput 
information about the DNA and RNA sequences of single organisms or complex microbia l 
communities, which is then interpreted using data analysis methods referred to as bioinformatics . 
Meta-omics specifically refers to the study of mixed communities at the DNA (metagenomics) and 
RNA (metatranscriptomics) levels. As such, several questions can be asked of any biologica l 
system and answered using NGS and meta-omics:   
(1) What is the structure of the mixed microbial community?  16S-targeted metagenomics 
(2) Which metabolic & functional pathways are available, and what are the capabilities of 
these communities? Shotgun (Whole-genome) metagenomics 
(3) How does activity of the community change in different conditions or over time?  
mRNA-Seq (metatranscriptomics)  
Ultimately, NGS is a systems approach to assess community- level dynamics and understand what 
influences reactor performance, resilience, success, and failure at the genetic level, rejecting a 




1.2.3.1 Library preparation and sequencing  
 
Figure 8. Typical library preparation, sequencing, and bioinformatics pipelines for metagenomics 
 
DNA or RNA (cDNA) libraries are the complete sets of DNA or RNA fragments to be 
sequenced, whether from a single organism or mixed microbial community. Preparation and 
sequencing of libraries requires several steps which depend on the type of approach used. 
Genomics or metagenomics can involve 16S amplicon sequencing—targeting the 16S rRNA-
coding region (16S rDNA) used for taxonomic classification of bacteria or archaea—or whole-
genome (shotgun) sequencing—sequencing the full DNA signature of an organism or microbia l 
community. Transcriptomics or metatranscriptomics, similarly, can target specific functional gene 
transcripts or the full transcriptome/metatranscriptome of a system, i.e. the entire set of RNA 
(mRNA + rRNA + tRNA) or specifically protein-coding mRNA transcripts.  
For all metagenomic and metatranscriptomic techniques, total DNA or RNA is extracted 




mRNA functional gene targets involves the amplification of these targets using specific primers 
and PCR. Typically, multiple samples are sequenced simultaneously through the use of unique 
“barcode” sequences attached to one end of all amplified fragments from each sample. Barcoded 
fragments are then ligated to adaptor sequences which are designed to adhere to flow cell or 
semiconductor chips for use on a sequencing platform. Whole-genome or whole-transcrip tome 
sequencing instead fragments the total DNA/RNA and amplifies all fragments of a certain size 
using universal primers. For mRNA-specific metatranscriptomics, rRNA can be removed from 
total RNA samples prior to library preparation, as well over 90% of bacterial RNA can be rRNA 
rather than the mRNA responsible for enzyme production. Barcoded adaptors are once again used 
in the case of multiple DNA or RNA (converted to cDNA through reverse transcription) samples 
being sequenced on the same chip.  
Multiple sequencing platforms are available and require slight variations on this general 
library preparation workflow. Recently, Illumina (Illumina, CA) and Ion Torrent (Thermo Fisher, 
MA) technologies have emerged as systems commonly applied for meta-omics. Both platforms 
use the prepared single-stranded DNA or cDNA templates (libraries) and promote the massive ly 
parallel elongation of complementary DNA strands for each template fragment. Illumina platforms 
use fluorescently- labeled nucleotides as sequencing substrates, and track the addition of different 
nucleotides to the complementary strand of a DNA or cDNA fragment template by 
chromatography. Ion Torrent systems, on the other hand, measure minute changes in system pH 
levels which are triggered by the addition of nucleotides to the complementary strand of the DNA 
or cDNA template. Chromatographic or pH-based signals are then converted during signal 
processing by the platforms into readable sequences of nucleotides that represent each of the 




template fragment from both the 5’ and 3’ ends, creating a pair of nucleotide sequences for each 
template. 
1.2.3.2 Bioinformatics 
The high throughput and novelty of NGS has led to the development and study of incredib ly 
complex statistical and computational tools required to understand and apply sequencing results —
the use of these tools in the analysis of NGS data is referred to as bioinformatics. Sequencing 
analysis is highly dependent on sequence quality, as even single nucleotide errors in sequencing 
or signal processing can ultimately render a sequence misidentified or even unidentifiab le. 
Therefore, quality control and screening of sequences based on quality score (calculated and 
assigned by platforms as essentially a confidence score for each nucleotide result) and expected 
size (of amplicons or size-selected shotgun/RNA/mRNA samples) is a critical first step in 
bioinformatics (Figure 8). For mRNA sequencing projects, removal of residual rRNA reads is also 
often performed to streamline subsequent bioinformatic steps. DNA reads are often binned into 
taxonomic groups if a fully annotated metagenome or annotation of a single organism from a 
mixed community sample is part of the project objective (see Chapter 5). For an overview of the 
functional potential of an engineered process, however, binning is not required. 
 Reads can then be identified through alignment against an appropriate reference database. 
Several such databases exist for 16S rRNA sequences [97-99], and the NCBI has databases of 
curated DNA, RNA, and protein sequences which is periodically updated as more NGS projects 
are undertaken. Alternatively, projects involving organisms with a lack of reliable reference 
sequences may assemble read fragments into larger sequences called contigs or scaffolds [100]. 
Then, genes, or protein-coding regions (CDS), are predicted based on triads of nucleotides that are 




sequence to the resulting protein coded for [101]. In this way, the functional potential of a system 
(DNA) can be linked to active cellular responses (RNA), and finally to enzymatic function and 
biochemical transformations (proteins). 
1.2.3.3 Challenges of NGS and gaps in current capabilities 
Next-generation sequencing has given rise to immense molecular data-gathering capabilit ies 
which can help reveal correlations or discrepancies between the presence of certain 
microorganisms are present in the system—and what they can do/are doing—and the observations 
of waste treatment designers and operators. However, several qualifications must be made in any 
bioinformatics analysis, and gaps do remain in the ability of NGS to explain and inform engineered 
BNRR processes.  
Firstly, the relative lack of well-curated reference genomes for organisms involved in BNRR 
poses tangible obstacles to our analysis. As previously mentioned, despite some information about 
major enzymes involved in BNRR, overviews of the metabolic capabilities and activity of 
heterotrophic fermenting bacteria, AOB, NOB, AMX, CMX, PAOs, GAOs, and other organisms 
remain sparse, and new species in each of these groups are constantly being identified, 
characterized, and/or isolated. Secondly, it must be emphasized that analysis of how individua l 
organisms interact within a larger community remains difficult, due to both incomplete references 
and the inevitable conservation and transfer of genetic material. Third, disagreement between 
sources regarding the accuracy and reproducibility of different library preparation, sequencing, 
assembly, binning, and statistical analysis methods are inevitable due to the novelty of NGS, yet 
could lead to conflicting findings. Overcoming these challenges is crucial to making a systems 




1.3 Overall Research Objectives 
To better understand the connections between design and operation of engineered BNRR systems 
and microbial community structure, functional potential, and activity, and to overcome some of 
the challenges facing meta-omics, several overall project objectives have driven this work: 
Chapter 2: Improved understanding of microbial conversion of food waste to VFAs 
The recovery of the VFAs, versatile intermediates in anaerobic digestion, from organic 
carbon-rich food waste has previously been reported. However, the pathways for 
production of specific VFA species other than acetate (i.e. butyrate, propionate, formate, 
succinate, valerate) are missing from widely cited anaerobic fermentation models. 
Development of an in-depth acido- and acetogenesis model was expected to elucidate the 
enzymatic steps required to produce specific VFAs. Furthermore, reactor HRT, but not 
feeding strategy, was expected to impact microbial community composition and 
functional potential, mirroring previously observed trends in VFA production and 
speciation. Lastly, the expanded acidogenesis model could be used determine the 
capabilities of lab-scale systems under different operating conditions to produce specific 
acidogenesis enzymes. 
Chapter 3: Survey of global biological nitrogen removal communities at the pilot- 
and full-scale 
Microbial BNRR communities have previously been studied with a narrow focus on few 
key organisms or transformations, partly due to technological limitations. With the 
increased availability of sequencing technology, a systems biology approach to whole-
community understanding of BNRR is finally possible and crucial for enhancing process 




available for BNRR systems, especially with respect to the relatively recently discovered 
AMX and CMX organisms. Thus, the use of a custom sequence alignment database 
expanded with newly available metagenomes was proposed to improve the accuracy of 
BNRR community structure and functional capabilities. Furthermore, process design 
parameters (e.g. conventional BNR vs. nitritation-anammox, varying reactor types, and 
different enrichment techniques) were hypothesized to significantly impact the microbial 
communities and their metabolic potential. The use of a uniquely expansive data set of 
pilot- and full-scale BNRR systems from around the globe led to a study with results 
linked to real wastewater treatment processes and, therefore, easily applied to new 
systems. 
Chapter 4: Application and understanding of mainstream deammonification 
Anammox-based deammonification in mainstream wastewater has the potential to 
significantly reduce energy usage and costs in wastewater treatment plants, yet has 
proven difficult due to suboptimal conditions for AMX growth, enrichment, and activity. 
Previously, AMX was successfully enriched under mainstream conditions through 
constant bioaugmentation from a sidestream system, though the viability of mainstream 
deammonification without bioaugmentation was yet to be determined. It was 
hypothesized here that even after separation from the sidestream process, a mainstream 
deammonification MBBR enriched through bioaugmentation could achieve stable 
nitrogen removal. Furthermore, the mainstream MBBR microbial community and its 
functional potential were expected to be similar to that of the sidestream MBBR 
suspension during bioaugmentation due to the flow directly into the mainstream. Lastly 




in the mainstream reactor would likely reduce due to the anaerobic conditions, low 
nitrogen loading, and lack of constant replenishment from the sidestream, yet remain at 
levels necessary for successful nitritation-anammox. The study of mainstream and 
sidestream deammonification MBBRs before and after separation could therefore be used 
to assess the viability for independent deammonification under mainstream conditions. 
Chapter 5: Adding to the sparse genomic reference database related to enhanced 
biological phosphorus removal (EBPR) 
The genomic references for phosphorus-accumulating organisms (PAOs) and glycogen-
accumulating organisms (GAOs) remain sparse, in part due to the difficulty in 
enrichment of specific clades to obtain reliable metagenomic data. The previously 
annotated 1 full and 10 draft CAP metagenomes and 2 CCP metagenomes were obtained 
from cultures enriched in CAP or CCP from only 40-80% by FISH, or unreported 
enrichment, and many from cultures with a mix of multiple clades. Furthermore, 
performance data regarding the activity of those cultures under different conditions was 
conflicting or unavailable, especially with respect to anaerobic carbon storage 
metabolism and denitrification capability. Single-clade-enriched (>97% by FISH) 
cultures of 2 CAP and 1 CCP operated for more than 1 year were available for the study 
reported here, making the annotation of these 3 metagenomes more reliable than many 
previous drafts. Also, the availability of long-term process performance data for each of 
these enrichment cultures was expected to make links between observed differences in 
activity and genetic signatures. Through annotation of 3 organisms involved in EBPR 
with improved reliability, better understanding of EBPR processes and the effects of 




Microorganisms involved in BNRR are constantly being applied to new conditions to create new 
products or improve efficiency, such as heterotrophic bacteria producing VFAs rather than driving 
methanogenesis and anammox bacteria performing deammonification under mainstream rather 
than sidestream conditions. At the same time, previously unclassified or misunderstood organisms 
can alter the ways in which BNRR systems operate and are designed, as in the case of AMX, 
CMX, PAOs, and GAOs. Thus, systems-based approaches such as NGS and bioinformatics are 
critical to better understanding, modeling, and application of the complex, evolving BNRR 
technologies available, and can ultimately lead to smarter design and operation of carbon-, 








Chapter 2. Metagenomic interrogation of acidogenesis and acetogenesis in 
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Wastage of food products and scraps originally intended for human consumption is referred to as 
food waste, and represents a significant portion (~ 21%) of waste dumped in municipal landfil ls 
[6]. In addition to the monetary, water-, and energy-related opportunity costs of producing food 
which will never be consumed, the sheer volume of food waste in landfills and its potential to 
produce the greenhouse gas methane have resulted in a push from several countries to ban 
landfilling of food waste [8]. Food waste itself is comprised of unique mixtures of complex 
carbohydrates, proteins, and lipids. These types of molecules are rich in organic carbon and other 
nutrients and therefore can be used as substrates to produce other carbon-based endpoints.   
Anaerobic digestion (AD) is one such alternative to process the carbonaceous substrates 
found in food waste. As described in the often-cited model by Grady et. al [11], AD includes four 
major steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. During hydrolysis, the 
complex carbohydrates, proteins, and fats found in food waste are cleaved to primarily form simple 
sugars, amino acids, long chain fatty acids, and glycerol. These molecules can then be more easily 
broken down into shorter fatty acids and then acetate through acidogenesis and acetogenesis, 
respectively. Methanogenesis refers to the formation of methane from acetic acid and hydrogen by 
methanogenic archaea. Methane is generally seen as the primary desired product from AD, as it 
can be used directly for heating or energy production. AD can therefore be seen as a method to 
simultaneously treat the growing amount of food wastes and generate useful products such as 
methane.    
However, heavy focus on acetate and methane production ignores AD intermediates such 
as (short-chain) volatile fatty acids (VFAs) as desirable outputs despite their use in the production 




during AD: formate:C1, ethanoate:C2, acetate:C2, lactate:C3, propionate:C3, butyrate:C4, 
succinate:C4, and valerate:C5 [102]. These VFAs are formed during acido- and acetogenesis and 
can be recovered as the terminal products of anaerobic fermentation (AF), when AD is halted and 
not allowed to continue to methanogenesis. 
The traditional lack of focus on VFAs and the distinct pathways which can produce them 
has resulted in an incomplete yet widely cited model for AD of food waste [11] (Figure 1). This 
model does not distinguish pathways which are specific to the production of a given VFA species, 
and instead considers all VFAs except for acetate as equal. This oversimplification reduces the 
ability to predict or understand how specific VFAs such as propionate, butyrate, and succinate can 
be targeted. As VFA speciation can influence applicability, better models are needed to inform 
engineered fermentation of food waste for VFA production. Also, reversibility of anaerobic 
fermentation reactions, especially in the absence of methanogenesis, is not reflected and is likely 
to influence the ultimate output and speciation of VFAs. The few studies which do contain greater 
detail in these steps of AD mostly focus on those pathways which exist in the human body and are 
important to human health [16-19] rather than the treatment of waste. Due to these gaps, in-depth 
connections between engineered processes targeting VFA production and the microbial pathways 
employed in VFA production are not readily available. 
 Reactor design and operation can affect substrate availability, growth rates, metabolism, 
and more, and therefore influence microbial community structure. In turn, the functional potential 
of the system will change, although not necessarily correlated with reactor performance due to 
regulation at the RNA or enzyme level, affecting VFA production and speciation. Indeed, pH, 
loading rates, temperature, and hydraulic and solids retention times (HRT, SRT) have all been 




Martin et al., for instance, evaluated single- feeding vs. step-feeding of sequencing batch anaerobic 
food waste fermenters at multiple HRTs and noted an impact of HRT on both speciation and overall 
production of VFAs.    
Explaining such changes at the molecular level, however, has consisted only of inferences 
made based on changes in community structure and reactor performance. Instead, emphasizing 
pathways relevant to food waste processing and looking at the potential of systems to produce key 
enzymes involved in AF can lead to better modeling of acido- and acetogenesis. This level of 
analysis is useful in the understanding of changes in reactor potential under different operating 
parameters and, ultimately, in the design of sustainable food waste fermenters. 
Thus, the goals for this study were to (1) Expand the existing AD diagram at the gene-
product level for comprehensive understanding and future modeling of acido- and acetogenesis, 
(2) correlate reactor feed strategy and HRT with changes in microbial community structure, and 
(3) determine extant acidogenesis and acetogenesis pathways found in the studied food waste 
fermenters and the relative capabilities of each system to produce proteins involved in AF. 
 
2.2 Methods 
2.2.1 Reactor operation and sampling 
A sequencing batch reactor (SBR) and step feed reactor (SFR) (V = 6 L) were operated at 2, 4, and 
8 d hydraulic retention times (HRT). Each reactor was fed with blended food waste from Columbia 
University containing 12800 ± 351 mg-COD/L through pumps (Cole Parmer, Vernon Hills, IL) 
controlled by automated ChronTrol timers (San Diego, CA). The SBR was fed in one pulse of 3.0, 
1.5, or 0.75 L to achieve the desired HRT (2, 4 or 8 d, respectively), while the SFR was fed every 




at 37 ± 1°C, and a 1:1 (v/v) solution of NaOH and NaHCO3 was used to maintain pH at 7.0 ± 0.2 
through an automated controller (Jenco, San Diego, CA). Gas and liquid samples were collected 
for analysis using a Tedlar bag (Restek, Bellefonte, PA) and syringe. During these six reactor 
conditions (2 feeding strategies x 3 HRTs), biomass was sampled for molecular analysis in 10 mL 
aliquots, centrifuged at 13000 x g and 4°C, resuspended in 2 mL of 1X TE buffer, re-centrifuged, 
and stored at -80°C. 
2.2.2 Chemical and gaseous analyses 
Total and soluble chemical oxygen demand (tCOD, sCOD) and total volatile fatty acids (tVFA, 
C1:C6) were measured using colorimetric HACH protocols (HACH, Colorado) and a Genesis-20 
Spectrophotometer (Thermo Fisher, MA). Biogas flowrate was monitored online in real-time using 
an Omega FMA 1604A flowmeter (Omega, CT). Gas composition was measure with an SRI 
8610C gas chromatograph equipped with a thermal conductivity detector (GC –TCD) and 
Heyesep-D 20ft x 1/8” column, (Restek, PA). VFA speciation (formate, acetate, propionate, 
butyrate, succinate, and valerate) was obtained with a Dionex™ ICS-2100 ion chromatography 
system equipped with an AS 11HC column (Thermo Fisher, MA). 
2.2.3 Metagenomics 
Existing literature on specific metabolic pathways to process organic carbon from food waste was 
surveyed for acidogenesis and acetogenesis enzymes (Ismail et al. 2011, Flint et al. 2012, Xing et 
al. 2013, Louis et al. 2014). This custom database was used to create an expanded acidogenesis 
model involving all possible pathways linked to food waste substrates.  
DNA was extracted from stored biomass samples using the MoBio PowerLyzer PowerSoil 
DNA Isolation Kit (Qiagen, CA). Shotgun libraries were prepared and sequenced using Illumina 




(Illumina, CA). Reads were merged into contigs and trimmed (min. length = 100 bp, max. 
homopolymers = 10 bp, max. ambiguous positions = 0) using mothur [103]. Alignment of reads 
against the NCBI nr non-redundant protein database was performed using the Diamond blastx 
program with a maximum e-value of 1e-10 and a minimum percent identity of 60% [104]. R was 
used to convert protein alignments to taxonomic assignment (reported as reads per million, RPM)  
[105]. Genera with ≥ 50,000 RPM assigned were considered as significantly contributing to the 
total coding regions (CDS) of each system.  
From the expanded database of acidogenesis proteins, those proteins identified in at least 
one of the six reactor conditions and assigned to significantly contributing genera were used to 
map extant acidogenesis and acetogenesis pathways. Lastly, the relative capabilities for these 
transformations in each sample was quantified in terms of reads per kilobase mapped per million 
reads (RPKM) assigned to each protein.  
The R packages “circlize” and “dendextend” were used to create circular microbia l 
community structure plots, and “heatmaps2” was used for heatmap generation [105].     
2.3 Results and Discussion 
2.3.1 Literature and database searches highlight inadequacy of current AF model 
An exhaustive literature and protein database search revealed significant gaps in the widely 
cited model for AD of food waste in engineered systems [11], primarily with respect to 
acidogenesis and acetogenesis (Figure 9a). For example, the ability of long chain fatty acids 
(LCFAs) to produce volatile acids other than acetate was not reflected. Also, reversibility of 
reactions involved in AD was completely ignored. Particularly with respect to fatty acid 
elongation, which utilizes VFAs to produce LCFAs, reversibility could significantly influence the 




ignored other VFAs as desirable outputs and indeed ignored distinctions between various VFAs 
and how they can be specifically produced. Formate, ethanoate, propionate, butyrate, succinate, 
and valerate production and interconversion between these SCFAs and acetate were therefore 
expanded in more detail as part of this study (Figure 9a). 
 
Figure 9. Updates to the conventional model for anaerobic digestion of food waste (red arrows, Fig. 9a) 
and expansion of acido- and acetogenesis pathways (Fig. 9b) 
 
Proteins in food wastes are hydrolyzed into amino acids, which can form oxaloacetate, 
fumarate, succinyl-CoA, or α-keto-glutarate, key compounds in the tricarboxylic acid (TCA) 
cycle, or can be converted directly into valerate or isovalerate [106]. Alternatively, amino acids 
can form pyruvate or acetyl-CoA, which can feed into the TCA cycle or form other compounds. 
Formate, lactate, and acetyl-CoA can be formed from pyruvate. Acetyl-CoA is a versatile 
intermediate which can be transformed into ethanol, butyrate, acetate, or even back to propionate s. 
Although the tricarboxylic acid cycle cannot function completely under anaerobic conditions, the 




to form succinate [107]. The methylmalonyl carboxylase (MMC) pathway allows for the 
interconversion of succinate and propionate through methylmalonyl-CoA.   
Simple hexoses and pentoses are converted to glucose and ultimately to pyruvate and 
oxaloacetate through glycolysis, while fucoses or rhamnose follow the propanediol pathway to 
transform lactaldehyde to propanediol and ultimately propionate [16, 18]. Fatty acids undergo β-
oxidation, a cyclic process which breaks down medium and long chain fatty acids to form either 
acetate (even carbon chains) or propionate (odd carbon chains). Reversibility can also influence 
VFA production, as VFA produced can be utilized as substrates in multiple pathways. Acetate, for 
example, can form ketone bodies such as acetone, acetic acid, and polyhydroyalkanoates (PHAs), 
or can be converted back to amino acids. Furthermore, syntrophic acetogenesis, the oxidation of 
acetate to form carbon dioxide and hydrogen, and fatty acid elongation could play a role in acetate 
formation and utilization, which the current model does not detail (Figure 9a). 
2.3.2 VFA production and speciation  
Total VFA (tVFA) produced, as determined through the esterification method, was 4468 ± 
122, 6535 ± 201, and 5064 ± 152 mg COD/L at 2-, 4-, and 8-d HRT in the SBR and 4590 ± 138, 
5474 ± 279, and 4225 ± 131 mg COD/L at 2-, 4-, and 8-d HRT in the SFR. In the SBR, this 
corresponded to tVFA production of 25 ± 5%, 40 ± 7%, and 37 ± 4% total influent COD (tCOD) 
at 2, 4, and 8-d HRT, respectively; in the SFR, 28 ± 2%, 33 ± 4%, and 30 ± 3% of total COD was 
converted to VFAs (Figure 10). The methane flowrate was statistically similar across all samples, 
and remained below 1.4 mL/min, indicating a lack of substantial methanogenesis. Across all 
HRTs, in both reactors, acetate (1322 ± 53 mg COD/L in SBR, 1349 ± 65 mg COD/L in SFR), 
propionate (1321 ± 30 mg COD/L in SBR, 1663 ± 43 mg COD/L in SFR) and butyrate (1164 ± 34 




valerate was also produced at all HRTs, yet formate production was consistently negligib le. 
Succinate levels were significantly elevated at 4-d HRT for both configurations (987 ± 56 mg 
COD/L in SBR, 558 ± 13 mg COD/L in SFR). Succinate is produced at the expense of propionate 
(MMC pathway) and acetyl-CoA (rTCA cycle) (Figure 9b), and indeed a reduction in acetate and 
propionate production was seen at 4-d HRT in both reactors (Figure 10). Thus, the sudden increase 
in succinate production at 4d HRT indicated increased processing of food waste substrates through 
the rTCA cycle at 4d vs. 2d and 8d HRT. This could have been due to specific succinate production 
capability which was either reduced to baseline levels at 8d HRT or was linked to an increased 
ability at 8d HRT to process the excess succinate into propionate and acetate. Overall, the 
production and speciation of VFAs were more correlated with HRT than feeding strategy.  
  






2.3.3 Community composition as inferred through shotgun sequencing  
 
Figure 11. Comparison of microbial community profiles in both SBR and SFR at 8d, 4d, and 2d HRT; 
genera included have been assigned ≥ 50 reads per million (RPM) for at least one HRT; circle size scaled 





Microbial community structure was inferred from the contributions of different organisms in terms 
of protein-coding or coding DNA sequences (CDS) to the total (CDS) of each metagenome. The 
SBR had increased microbial diversity compared to the SFR, due to the tempering of substrate 
gradient caused by step-feeding (Figure 11, Figure 12). The SBR metagenome shifted from 
predominantly γ-Proteobacteria-assigned coding regions (key genera: Aeromonas, Escherichia) 
at 2d HRT to the Bacteroidetes phylum (Bacteroides) at 4d HRT, with a return to γ-Proteobacteria 
(Citrobacter) at 8d (Figure 11). Similarly, the metagenome of the SFR was dominated by γ-
Proteobacteria (Aeromonas) at 2d HRT and Bacteroidetes at 4d (Bacteroides) and 8d (Prevotella) 
HRT. The spike in succinate production at 4d HRT (Figure 10) corresponded with a shift in 
community dominance to Bacteroides, observed in both reactors (Figure 11, Figure 12). 
Bacteroides are often found in human intestinal tracts and have been linked to facilitated 
degradation of complex carbohydrates which would otherwise be incompletely hydrolyzed [16, 
17]. The increase in Bacteroides functional potential could therefore be driving segments of the 
TCA cycle and MMC pathway, ultimately resulting in increased succinate production. Aeromonas 
and Prevotella are also typically saccharolytic. Other groups (Enterococcus, Klebsiella, 
Salmonella, Veillonella) contributed significantly to reactor coding abilities but to a lesser extent 
(Figure 12). Enterococcus are typically proteolytic. Citrobacter, Enterococcus, and Veillonella are 
lactate-fermenting anaerobes, while Klebsiella are facultative anaerobes.  
The contribution of methanogens was consistently low, with less than 1% of total coding 
regions in all samples being assigned to the methanogenic archaea Methanosarcinales, 
Methanomicrobiales, Methanobacteriales, Methanococcales, Methanopyrales (data not shown). 




methanogen coding regions coupled with the low measure methane production is expected. 
Although not measured, the lack of methanogenesis was likely to cause a buildup of hydrogen 
partial pressure (PH2), which in turn drives fatty acid elongation [108]. In addition, syntrophic 
acetogenesis was unlikely to contribute significantly to acetate production due to the absence of 
methanogens. 
The difference in microbial diversity and composition was surprising given the similar ity 
in VFA production and speciation between the SBR and SFR (Figure 10), and may indicate 
regulation at the transcriptional, translational, or enzyme activity level. However, to investigate 
links between acidogenesis and acetogenesis capabilities of each reactor and observed VFA output, 
these majority genera (Aeromonas, Bacteroides, Citrobacter, Enterococcus, Escherichia, 





Figure 12. Genera contributing significantly (RPM ≥ 50,000) to overall coding potential (total protein 
coding regions, CDS) in SBR and SFR at 8-, 4-, and 2-d HRT 
 
2.3.4 Community function and extant metabolic pathways in anaerobic fermentation   
The custom expanded AF protein database was used to create a database of acidogenesis and 
acetogenesis pathways identified in the majority genera of reactors studied here (Aeromonas, 
Bacteroides, Citrobacter, Enterococcus, Escherichia, Klebsiella, Prevotella, Salmonella, 
Veillonella) (Figure 13,Figure 14). Although metagenomics cannot identify which pathways are 
active under a given condition, the overall capacity of each reactor to produce proteins involved 
in acido- and aceto-genesis at varying HRTs was measured in terms of RPKM.    
Using this approach, several links between functional potential and reactor performance 




consistently high levels of the terminal products of this pathway, acetate and propionate, in both 
reactors at all HRTs (Figure 10). Acetate can also be produced through acetyl-CoA by acetate 
kinase, and both reactors showed significant capacity for production of this enzyme at all HRTs 
(Figure 13). Additionally, both reactors showed high capacity for propionate production through 
the MMC pathway (Figure 14), although the capacity for propionate production through the 
propanediol pathway and propionyl-CoA was minimal.  
Minimal formate production capacity through pyruvate formate lyase could have been 
responsible for the negligible amounts of formate produced at all HRTs (Figure 10,Figure 13). 
Capacity for the Wood-Ljungdahl pathway for CO2 fixation, however, was significant (Figure 13), 
indicating that some level of regulation for this acetate- and formate-producing pathway was likely. 
Butyrate, on the other hand, was produced at all HRTs despite low functional potential for the 
butyrate kinase-mediated conversion from butyryl-CoA (Figure 13). Direct transfer of CoA from 
acetyl-CoA to butyrate or butyryl-CoA to acetate is possible, yet was not found in any of the 
majority genera used for functional potential analysis. Thus, it is likely that other bacterial 
organisms were responsible for butyrate production, despite low abundance, or even protozoan 
species previously linked to acetate and butyrate production at the expense of propionate [109]. 
Capacity for valerate production directly from the amino acids leucine, isoleucine, and valine was 
measured (Figure 14), although elevated at 2d HRT despite no observed trends in valerate 
production (Figure 10). While ethanol concentration was not measured, the reactors had high 
capacity for the ubiquitous enzyme alcohol dehydrogenase, which converts acetyl-CoA to ethanol 
through acetylaldehyde. 
As previously hypothesized, the observed spike in succinate production could be due to 




either a reduction in hydrolysis capacity or an increase in succinate utilization capacity. The 
capability for production of MMC pathway enzymes is in fact the most elevated at 4d HRT for 
both reactors, compared to the potential at 2d and 8d HRT (Figure 14). Coupled with the observed 
reduction in propionate at 4d HRT (Figure 10), these results strongly indicated that both reactors 
ere producing higher levels of succinate at 4d HRT at the expense of propionate. At 8d HRT, this 
capacity seems to return to baseline (2d HRT) levels or even slightly reduced levels.  
Important to note is that the potential impacts of reversibility and post-transcriptional or 
post-translational regulation on VFA production and speciation cannot be distinguished at the 
metagenomic level. Metatranscriptomic or metaproteomic information, therefore, could be critical 
future research objectives in the improvement of AF modeling. Additionally, process-specific 
analyses may reveal differences in major genera involved in AF, and therefore the functiona l 
capabilities of the system. However, the comprehensive database of acidogenesis and acetogenesis 
enzymes and understanding of the full functional capabilities (metagenomes) of anaerobic 





Figure 13. Functional potential for VFA production via acidogenesis and acetogenesis (1) 
 
 
Figure 14. Functional potential for VFA production via acidogenesis and acetogenesis (2) 





Proposed here is a framework for deeper understanding of VFA production in food waste digesters. 
The acido- and acetogenesis enzyme database expansion revealed and remedied significant gaps 
in the current AD model, including the reversibility of almost all pathways, the production of 
propionate in addition to acetate through β-oxidation, and the interconversion of VFA species. 
Microbial community structure in the food waste fermenters, unlike VFA production or speciation, 
was unexpectedly influenced by reactor feeding strategy in addition to HRT due to the resultant 
substrate gradient, though the spike in succinate production at 4d HRT correlated to a shift toward 
Bacteroides predominance in both reactors. By mapping metagenomic data against the expanded 
AF model, the high acetate and propionate production and the 4 d HRT succinate production spike 
could be linked to high potential for beta-oxidation and the MMC pathway, respectively. 
Ultimately, enhanced metagenomic models such as this will allow for better predictions of 
VFA production and speciation, and better design of systems with VFA production as the goal, 
despite limitations of metagenomics in the determination of microbial activity. In future work, 
VFA speciation could be linked to influent food waste composition through reactor-based studies. 
Metagenomics-based information could also be enhanced through interrogation of acidogenesis 
and acetogenesis activity through RNA- and protein-based work, and through the consideration of 
non-bacterial microorganisms which may influence VFA production, such as protozoa or archaea . 
Additionally, metabolic flux-based analyses and 13C isotope studies could lead to the creation of 
detailed mathematical models which allow for the design and optimization of high-value carbon 
recovery from a broad base of influent organic carbon feedstocks. This work therefore is the first 




will allow for the maximization of VFA production and optimization of VFA speciation for a 
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Biological nitrogen removal (BNR) employs mixed microbial communities in removing 
nitrogenous compounds (ammonia, nitrite, nitrate) from wastewater to prevent eutrophication in 
receiving water bodies. Conventionally, influent ammonia is oxidized to nitrite and nitrate by two 
distinct types of autotrophic nitrifying bacteria (ammonia-oxidizing bacteria, AOB, and nitrite-
oxidizing bacteria, NOB, respectively), followed by the reduction of nitrate by 
organoheterotrophic denitrifying bacteria to ultimately form dinitrogen gas (N2) [22]. However, 
the energy usage and costs associated with both the aeration requirements of nitrifiers and possibly 
added organic carbon for heterotrophic denitrifier functionality have led to the exploration of 
alternative “shortcut” nitrogen removal pathways. 
Anaerobic ammonia oxidation, or anammox, represents such a shortcut, making use of 
bacteria (anaerobic ammonia-oxidizing bacteria, AMX) which metabolize ammonia and nitrite to 
N2 via hydrazine (N2H2), an intermediate unique to this process [42]. Through suppression of NOB 
activity to prevent competition for nitrite as a substrate, partial nitritation (the incomplete oxidation 
of ammonia to nitrite) by AOB can be combined with anammox in a process referred to as 
deammonification to significantly reduce required oxygenation and inorganic carbon usage [41-
43]. 
Furthermore, recently published studies have highlighted the potential for a different 
shortcut nitrogen removal pathway—complete ammonia oxidation (comammox) to nitrate in a 
single type of organism (CMX) rather than a mixed community of AOB and NOB [61, 62]. 
Although the reactors studied in this work were not specifically designed to be enriched in or make 
use of comammox capabilities, the presence of CMX-related genes was detected and quantified to 




As the use of novel shortcut nitrogen removal strategies becomes increasingly widespread, 
deeper understanding of the diverse microbial communities employed and their ability to transform 
nitrogen in wastewater streams must be pursued [3]. Molecular techniques such as polymerase 
chain reaction (PCR) and fluorescence in-situ hybridization (FISH) have traditionally been 
employed to this end. Yet PCR can only identify or quantify, at most, several targeted genes, and 
requires prior knowledge of these gene sequences in relevant organisms in order to design and 
optimize primer sets. Similarly, FISH requires the use of hybridization probes which must be 
designed based on a previous understanding of target gene sequences, and this molecular tool 
limits throughput. Both processes rely on reference sequences for target genes in organisms of 
interest for primer or probe design, and in turn their scope in the analysis of novel or complex 
engineered bioreactor populations is hindered.  
Next-generation sequencing (NGS), on the other hand, has given rise to immense molecular 
data-gathering capabilities which can help reveal correlations or discrepancies between which 
microorganisms are present in the system—and what they can do—and the observations and 
expectations of wastewater treatment plant (WWTP) designers and operators. This technique 
allows for massive throughput of sequence collection and characterization, without the need for 
prior selection and detailed knowledge regarding genes of interest. However, despite the ability of 
NGS to provide large amounts of information about environmental microbial communities, several 
qualifications must be made in any bioinformatics analysis. Firstly, the relative lack of well-
curated reference genomes for organisms involved in conventional and shortcut BNR poses 
tangible obstacles in our analysis. For example, to date only several full or draft metagenomes of 
AMX species have been published [44, 45, 49, 51, 58-60, 110]; furthermore, the recent emergence 




organisms [61, 62]. Secondly, it must be emphasized that this metagenomic analysis has been 
performed with the understanding that results do not reflect observed activity in each reactor, or 
analysis of how individual organisms interact. Rather, we aim to provide an overview of the 
characteristics and capabilities of these field-scale reactors as a whole. Ultimately, the insights 
provided by surveys such as this can foster discussion as to how increased understanding of 
microbial communities and their functional potential can inform best practices for implementa t ion 
and provide metrics to measure success of enhanced and shortcut BNR. 
 In this study, next-generation sequencing techniques were applied to samples from six global 
WWTPs which have mostly employed anammox in the removal of nitrogen from mainstream 
and/or sidestream wastewater in varying reactor configurations (Table 1). The use of 
metagenomics allowed for the characterization of the microbial ecology of these systems, as well 
as the comparison of the metabolic (functional) potential of each reactor, specifically with regards 
to nitrogen catabolism and carbon anabolism. In addition, taxonomic and functional trends were 
tied to varied reactor configurations, sample biomass types, and feed characteristics. Lastly, as 
mentioned, the presence and possible functionality of newly sequenced comammox species were 
determined.  
 
3.2 Materials & Methods 
3.2.1 Reactor Sampling 
Biomass was collected from six different WWTPs using anammox in mainstream or sidestream 
wastewater treatment (Table 1). Granules from DEMON® deammonification systems and biofilm 
from sidestream deammonification moving bed biofilm reactors (MBBR) were collected from two 




MBBR). A ClearGreenTM reactor provided two mixed liquor sample (PDR 1, 2). Overflow, 
underflow, and ALT mixed liquor were collected from a hydrocyclone (DK Overflow, DK 
Underflow, DK ALT), along with the AMX inoculum obtained from the plant’s sidestream 
deammonification system and used to seed the plant’s mainstream anammox reactor (DK 
Inoculum). Biofilm and settled activated sludge from an aeration basin in a conventional BNR 
plant were also analyzed (SG BNR Biofilm, SG BNR AS). Lastly, samples were collected from a 
mainstream MBBR and conventional BNR reactor from the same WWTP (VA MBBR 1, VA 











3.2.2 Next-Generation Sequencing and Bioinformatics 
DNA was extracted manually from the sixteen biomass samples using the MoBio PowerLyzer 
PowerSoil DNA Isolation Kit (Qiagen, CA) and quantified using dsDNA HS assay on the Qubit 
2.0 Fluorimeter (Life Technologies, NY). Whole-genome (shotgun) libraries were prepared using 
the TruSeq DNA PCR-Free HT Library Preparation Kit (Illumina, CA) and sequenced using an 
Illumina MiSeq sequencer at the Cincinnati Children’s Hospital DNA Core Facility (Illumina, CA) 
with pair-ended kits targeting 250 bp fragment length. Resulting pair-ended reads were assembled 
into contigs and screened with mothur ver. 1.36.1 to remove ambiguous bases, cap homopolymeric 
regions at 10bp, and select contigs between 250-450 bp [111]. Filtered reads from each sample 
were then aligned against a custom database of proteins which expanded the currently available 
NCBI non-redundant (nr) protein database to include genes from two recently published AMX 
metagenomes (Ca. “Scalindua profunda” [51] and Ca. “B. caroliniensis” [60]) and the three 
sequenced CMX (Ca. “Nitrospira inopinata” [61], Ca. “Nitrospira nitrificans” [62], and Ca. 
“Nitrospira nitrosa” [62]) using NCBI’s BLASTX program with a maximum e-value of 1e-10, 
translation table 11, and a maximum of 5 hits per read [51, 112]. Alignments were then manually 
curated through additional filtering by bit score (≥27) and percentage identity (≥80). Top hits were 
used to assign taxonomy and functional importance to each aligned read, and read counts were 
normalized using the reads per kilobase mapped (RPKM) method to account for potential read 
count biases caused by differences in gene length or total library size. AOB (genera: Nitrosomonas, 
Nitrosospira, Nitrosococcus), NOB (genera: Nitrobacter, Nitrospira), CMX (genus: Candidatus 
“Nitrospira”), AMX (genera: Candidatus “Brocadia”, Candidatus “Jettenia”, Candidatus 
“Kuenenia”, Candidatus “Scalindua”), and some heterotrophic organisms capable of 




on microbial transformations of nitrogen in wastewater (Table 2) Community profiles were 
generated in Microsoft Excel, and pathway-specific functional heat maps were generated using the 
“heatmaps2” package in R (ver 3.3.0) [105]. 
 
Table 2. Key BNR organisms included in custom anammox-expanded BLASTX database 













































































Nitrosospira lacus Nitrospira 
bacterium 
SM23_35 










































   
AOB: Aerobic Ammonia Oxidizing Bacteria; NOB: Nitrite Oxidizing Bacteria; CMX: Complete Ammonia Oxidizing Bacteria, AMX: 
Anaerobic Ammonia Oxidizing Bacteria; 
* indicates partial genome reference available 
** Park, et al. 2017 [60] 
*** van de Vossenberg, et al. 2013 [51] 
3.3 Results and Discussion 
The sixteen samples can be broadly grouped in order to more clearly identify trends in microbia l 
diversity and functional metagenomic profiles. Group 1 includes the DEMON and MBBR systems 
(EB DEMON, EB MBBR, SF DEMON, SF MBBR, VA MBBR 1 and 2) and the ClearGreenTM  
pilot-scale reactor (PDR 1 and 2). Group 2 includes mixed liquor from a mainstream 
deammonification system as well as overflow and underflow from a hydrocyclone recycling 
biomass to the reactor for AMX enrichment, as well as inoculum from the sidestream 
deammonification reactor used for mainstream seeding (DK ALT, Overflow, Underflow, 
Inoculum). Lastly, Group 3 consists of the conventional BNR processes (SG BNR Biofilm and 




3.3.1 Seeded DEMON® and MBBRs, enriched ClearGreenTM systems, and enriched MBBR 
systems showed varying levels of anammox potential 
DEMON® systems combine nitritation of ammonia with anammox using specialized slow-
growing biomass granules in a sequencing batch reactor (SBR) setup, coupled with cyclone 
devices providing enrichment and recycling of desired biomass [113]. Previous work has shown 
that the enriched granules provide an ideal anaerobic internal environment for anammox growth 
and activity, as a result allowing AMX to out-compete NOB for nitrite as a substrate and perform 
effective deammonification [114, 115]. These dense granules were therefore expected to be 
enriched in AMX along with other anaerobic microorganisms typically associated with granular 
formation, with some AOB and minimal NOB contributions to the total metagenome [116]. The 
ClearGreenTM and MBBR systems studied here were enriched in AMX rather than seeded using 
AMX biomass. The patented Cyclic Low Energy Ammonia Removal (ClearGreenTM) strategy is, 
like DEMON® systems, operated in a single SBR reactor to combine partial nitritation with 
anammox-based deammonification [117]. The system uses a series of process cycles to enrich in 
AOB and AMX. While initially designed for sidestream wastewater (high N loading, higher 
temperature) post-anaerobic digestion, here the ClearGreenTM strategy was used in an attempt to 
enrich in the desired community and treat mainstream wastewater. MBBR biofilm is grown on 
carriers which are circulated through the entire reactor volume for maximal substrate contact.  
These biofilm structures create substrate and oxygen gradients, which should allow AOB to thrive 
on the oxygen- and ammonia-exposed outer layers, while AMX can thrive in the deeper anoxic 
layers using ammonia and AOB-produced nitrite as their substrates [118]. At the EB and SF plants, 
the MBBR pilot reactors were one-stage partial nitritation-anammox systems, while the VA plant 




deammonification MBBR. Due to the low dissolved oxygen (DO) typical of all three of these 
reactor types as an attempt to out-select NOB, Nitrospira spp. related NOB is expected to dominate 
rather than more oxygen-sensitive Nitrobacter spp. related NOB, especially in the 2-stage VA 
MBBR due to the separation of aerated nitritation [119]. However, the sidestream processes (EB 
DEMON and MBBR, SF DEMON and MBBR) were expected to reveal lesser overall NOB 
concentrations and functional potential, due to inhibition by high levels of both free ammonia and 
free nitrous acid [120]. Nitrosomonas spp. related AOB have previously been reported as a 
majority AOB group in wastewater systems, although the reduced nitrogen load in the mainstream 
systems could lead to increased relative contributions of Nitrosospira spp. related AOB [31, 41, 
121-123]. Similarly, C. “Brocadia” and C. “Kuenenia” have been previously reported as major 
AMX found in wastewater systems depending on seed characteristics [124].    
 
 





Community profiles in sidestream DEMON® and MBBR systems EB DEMON and 
MBBR, and SF DEMON and MBBR, were distinct despite geographically close sampling sites, 
though all four samples showed similar microbial diversity (Figure 15). At the EB plant, both 
DEMON and MBBR systems revealed only 1.35 and 1.38% of AMX contribution to the total 
metagenome, respectively, with the majority of AMX reads assigned to Candidatus “Brocadia” 
(0.52 and 0.67% of total AMX-assigned coding DNA sequences, CDS). AOB, on the other hand, 
provided 6.72 and 8.12% of total CDS (4.98 and 6.52% assigned to Nitrosomonas), while 
undesired NOB contributed 2.43 and 2.53% of total CDS in the DEMON and MBBR 
metagenomes (1.60 and 1.70% Nitrospira). In the SF DEMON and MBBR reactors, AMX-
assigned reads accounted for a slightly higher percentage of the metagenome (4.04 and 3.67%), 
again mostly C. “Brocadia” (3.24 and 2.53%). However, AOB and NOB contributions to 
metagenomic functional potential were similar to the EB reactors (7.11 and 2.90% in SF DEMON; 
6.70 and 2.71% in SF MBBR). Also, Nitrosomonas and Nitrospira remained the majority 
producers of AOB and NOB coding regions (5.62 and 2.17% in SF DEMON; 5.24 and 2.00% in 
SF MBBR). Thus, while the expected genera constituted the majority of each metagenome’s 
functional potential, overall contribution of desired AOB and AMX organisms was unexpectedly 
low in all four reactors. Genes assigned to key heterotrophs such as Ignavibacterium-related 
species, on the other hand, were quite abundant (7.61 and 4.00% in EB DEMON and MBBR, and 
5.63 and 5.93% in SF DEMON and MBBR). Ignavibacterium album is a filamentous Chlorobi-
lineage bacterium capable of denitrification, and has been previously associated with AMX growth 
in biofilms [125]. Therefore, despite observed granule and biofilm accumulation, each of these 
four metagenomes harbored more functional potential for chemoorganoheterotrophic 




(collected in December 2014 and January 2015, respectively) contained only 1.57 and 2.55% of 
total coding regions assigned to AMX (0.87 and 1.72% C. “Brocadia”), with more representation 
of AOB (3.78 and 7.15% of total CDS with 1.64 and 4.78% of total CDS assigned to 
Nitrosomonas). Here, significant NOB CDS were identified (6.02 and 2.79% of total reads), with 
a slight shift from predominantly Nitrobacter to Nitrospira (3.25 and 2.76%, respectively in PDR 
1, 1.16 and 1.62% in PDR 2), perhaps due to sustained low DO conditions during the enrichment 
period [119]. The metagenomic contributions of Chlorobi were also higher in the later sample, 
increasing from 1.28 to 2.17% in PDR 1 and 2, respectively (0.44 and 1.05% Ignavibacterium). In 
all, the PDR reactor showed reduced contribution of NOB to overall functional potential, and 
exhibited the characteristic shift to Nitrospira brought on by typical NOB out-selection strategies. 
However, levels of these organism groups still constituted a low relative percentage of the total 
metagenome of the reactor.    
 From a functional perspective, each of these metagenomes had a strong capability to 
produce ammonia monooxygenase, the key enzyme involved in the conversion of ammonia to 
hydroxylamine, and hydroxylamine oxidoreductases required for the conversion of hydroxylamine 
to nitrite in terms of RPKM (Figure 16, Figure 4). Despite low levels of overall contribution to the 
metagenome, the key functional enzymes of AMX still were present in the metagenome (hydrazine 
synthase, hydrazine oxidase/hydrolase), indicating that the anammox pathway was still 
theoretically possible in these reactors [96]. Furthermore, trends were upheld in terms of total 
AMX functionality: SF samples showed slightly elevated levels of these hydrazine producing and 
utilizing enzymes compared to the EB reactors, and the PDR reactor showed an upward trend in 
the relative levels of these coding regions consistent with AMX enrichment. Also, genes involved 




dehydrogenase/acetyl-coA synthetase and formate dehydrogenase) were present, indicating ability 
of these organisms to grow (Figure 17,Figure 5) [126]. However, due to the relatively much higher 
contributions of other organisms in the systems, these AMX were potentially outcompeted by 
denitrifiers; for example, genes encoding for Chloroflexi- and Chlorobi-related nitrate reductases 
were prevalent. In addition, carbon fixation genes were highly represented by Chlorobi and 
Chloroflexi through the three rate-limiting enzymes involved in the reverse tricarboxylic acid 
(rTCA) cycle: 2-oxoglutarate:ferrodoxin oxidoreductase, ATP citrate lyase, and 
pyruvate:ferrodoxin oxidoreductase (Figure 17) [127]. As mentioned, undesired NOB were not 
completely out-selected; here we note that potential for each of these four metagenomes to produce 
nitrite oxidoreductase from NOB and AMX was comparable, and NOB-related carbon fixation 
genes involved in the rTCA cycle were present, foreshadowing competition for this substrate 











Figure 17. Relative potential contributions of key microorganisms to production of proteins involved in 
carbon fixation 
In sum, these results indicated that although each of these reactors were capable of 
producing enzymes key to the anammox pathway, conventional nitrification-denitrifica t ion 
continued to be a likely possibility, with minimal probability of comammox. Since energy savings 
were still seen in these three types of systems despite suboptimal microbial community 
composition, these results are not necessarily indicative of system failure. However, more 
optimization is possible and the difference between expected and realized microbial diversity and 




The MBBR system from VA showed much higher contribution of AMX to the 
metagenome (14.58 and 13.31%; 13.04 and 11.85% C. “Brocadia”) (Figure 15). Unlike the other 
systems, this mainstream reactor contained comparable levels of Nitrosomonas and Nitrosospira 
CDS (0.90 and 0.76% in sample 1 out of 2.29% total AOB; 1.10 and 0.91% in sample 2 out of 
2.67% total AOB), due to the ability of Nitrosospira to better compete with Nitrosomonas under 
low nitrogen loading conditions [128]. Some NOB remained as seen in the other reactors (2.65 
and 2.57% total; 1.57 and 1.64% Nitrospira; 1.08 and 0.92% Nitrobacter). Low nitrogen loading 
produced lower nitrite concentrations in the reactor, which reduced the inhibition of NOB [120]. 
However, the low total contribution of NOB compared to AMX in this case was still promising in 
terms of NOB out-selection. The likelihood of significant anammox activity was further supported 
by the dominance of AMX-related coding regions involved in nitrogen metabolism and carbon 
fixation through rTCA cycle and the Wood-Ljungdahl pathways, as well as the formation of 
carbonate by carbonic anhydrase (Figure 16,Figure 17). Common obstacles to anammox 
applications in mainstream treatment include the lower nitrogen loading and temperature 
compared to sidestream systems. However, this MBBR from a 2-stage nitritation-anammox system 
showed a much more robust potential for anammox activity than the sidestream, single-stage 
DEMON and MBBR systems, despite being designed to treat mainstream wastewater. Thus, 
reactor design and operation play a large role in determining feasibility of the utilization of 
anammox biochemistry. 
3.3.2 Hydrocyclone enrichment of AMX granules for mainstream deammonification can be 
enhanced 
The hydrocyclone was designed to separate biomass based on density from activated sludge 




Inoculum) was obtained from a sidestream anammox DEMON® reactor and used to seed the 
mainstream reactor with biomass. In order to maintain healthy levels of desired AMX organisms, 
the hydrocyclone was designed to separate high density granules containing a mixture of AOB and 
AMX along with other organisms within the granular matrix from the suspension, which contains 
any biomass with decreased settleability [129]. The goal was to effectively select for biomass in 
the underflow with improved settling capability, characteristic of larger granules which contain 
larger internal anaerobic areas where AMX can thrive and large outer surface areas well suited for 
AOB activity [115, 116].  
 The results reported here showed almost identical microbial diversity and functiona l 
potential in the mainstream mixed liquor (hydrocyclone influent, DK ALT) and both the overflow 
and underflow out of the hydrocyclone (DK Overflow and Underflow), indicating room for 
improved operation and design of this system (Figure 1). The sidestream DEMON® inoculum 
(DK Inoculum) was, as expected, characterized by high contributions of AMX to the total granule 
metagenome (9.79% total, 8.59% C. “Brocadia”), as well as significant AOB contribution (7.30% 
total, 4.91% Nitrosomonas). Some NOB functionality (2.84%) remained, but overall, granules 
displayed high relative levels of coding regions assigned to key nitritation and anammox genes, as 
well as genes required for growth by both AOB and AMX (Figures 2 and 3).  
However, the mixed liquor of the mainstream reactor (DK ALT) was unable to retain this 
high level of desired functional groups. AMX total metagenomic contribution dropped to 0.82% 
of total CDS and AOB to 3.31%, with NOB rising to 3.41% as expected in mainstream vs 
sidestream wastewater. Furthermore, the potential of the ALT to perform hydrazine synthesis and 
oxidation as well as fix carbon via the Wood-Ljungdahl pathway was severely reduced compared 




AMX activity and collect and recycle granular AMX from the mainstream effluent, seemed to not 
be operating as desired given these results. Furthermore, the metagenomes of the underflow and 
overflow of the hydrocyclone itself (DK Underflow and Overflow), were essentially 
indistinguishable from the influent mixed liquor (Figure 1). AMX, AOB, and NOB contributions 
were 0.87, 3.78, and 3.55% of the underflow and 0.87, 3.54, and 3.12% of the overflow 
metagenomes, showing no significant separation of the two streams in terms of microbial diversity 
and no selection for the desired AMX and AOB in the underflow biomass. Further, the expected 
increase in genes coding for enzymes critical to nitritation and deammonification in the underflow 
compared to the overflow was not observed (Figure 2). Even the presence of genes related to 
carbon fixation, and by extension biomass growth capacity, was unchanged between these 
samples: the underflow did not contain significantly more coding regions assigned to either the 
Calvin Bassham Benson (CBB) cycle used by AOB or the Wood-Ljungdahl Pathway used by 
AMX (Figure 3) [30, 126]. In fact, the greatest contribution to each of these metagenomes’ 
potential for carbon fixation came from denitrifying Ignavibacterium. Yet, the hydrocyclone 
surprisingly did not select even for these organisms, which are associated with filament-mediated 
aggregation of biomass and therefore should be more highly represented in the metagenomes of 
the denser, more settleable biomass that the hydrocyclone claims to enrich in the underflow [125].  
These results are a stark reminder that hydrocyclones designed to separate by biomass 
density and settleability must be carefully optimized to deliver the desired enrichment in AOB- 
and AMX-rich granules. On the other hand, if AMX specific activity in fact was enhanced in the 
hydrocyclone underflow, this would have larger implications on the correlation between increased 




 3.3.3 Conventional mainstream BNR systems differently enriched in key N-transforming 
organisms 
The conventional BNR systems in Singapore and VA treating mainstream wastewater showed 
distinct community and functional profiles. In Singapore, biomass from mixed liquor in an aerated 
basin as well as biofilm found growing in an anoxic basin were analyzed, while both VA samples 
were from the aerated zone of a BNR reactor. Both AOB and NOB, expected to thrive in the 
aerated zones, are desired for full nitrification of ammonia to nitrate, in addition to denitrifiers 
converting nitrate to nitrogen gas. The biofilm sample was analyzed in order to determine potential 
for anammox activity, as aggregation in biofilms is typical of AMX-capable organisms due to 
secretion of extracellular polymeric substances [130, 131]. Specifically, Nitrosomonas spp. and 
Nitrosospira spp. were expected to contribute to the total AOB in each metagenome due to the low 
nitrogen loading typical of mainstream wastewater [121]. Also, due to lower free ammonia (FA) 
and free nitrous acid (FNA) concentrations in mainstream vs. sidestream reactors, and the lack of 
strict maintenance of low DO—a typical NOB out-selection strategy in nitritation-anammox 
systems—Nitrospira and Nitrobacter were expected to compete here as major NOB groups [132, 
133]. Ignavibacterium, filamentous bacteria, were likely to contribute less to these mixed liquor 
metagenomes compared to the previously described granular and biofilm-based systems. 
 Indeed, low levels of AMX CDS in the three activated sludge samples were observed as 
expected (0.78% of total CDS in SG BNR AS, 0.60 and 0.62% in VA BNR 1 and 2) (Figure 1). 
However, low AMX was also found in the SG biofilm (0.75%), making anammox unlikely in this 
biomass. AOB, mainly Nitrosomonas with some Nitrosospira contribution, as more prevalent in 
the VA metagenomes (2.58 and 3.33% in SG Biofilm and AS, and 5.81 and 6.69% in VA BNR 1 




systems, compared to Nitrospira, due to higher aeration levels and lack of FA and FNA inhibit ion 
in the mainstream (3.18 and 2.59% total NOB and 1.86 and 1.24% Nitrobacter in SG Biofilm and 
AS, 3.47 and 3.18% total NOB and 2.06 and 1.77% Nitrobacter in VA BNR 1 and 2). The 
similarity of the biofilm and activated sludge metagenomes from SG implied that the biofilm was 
likely a result of aggregation of the same community found in the activated sludge, rather than an 
enrichment of anammox. From a functional standpoint, the key enzymes responsible for anammox 
activity were not found at significant levels in any of these conventional BNR systems, making 
opportunistic anammox unlikely (Figure 2). An unexpected observation was the relative scarcity 
of ammonia monooxygenase genes in the SG samples despite the critical need for ammonia 
oxidation in BNR systems (Figure 2). Lack of potential AMX activity in all four samples was 
supported by low levels of carbonate formation and carbon fixation genes coding for carbonic 
anhydrase and CO dehydrogenase/acetyl-CoA synthetase related to AMX (Figure 3). Further 
performance measurements and activity-based molecular techniques will be needed to assess 
which organisms are in fact active.  
3.3.4 Comammox capabilities detectable yet minimal in all systems 
The recent discovery and study of C. “N. inopinata”, C. “N. nitrosa”, and C. “N. 
nitrificans”, has raised the potential for comammox chemistry to affect the efficacy of BNR 
processes. Recently published CMX species were included in our custom alignment database, and 
CMX contribution to each metagenome was characterized [61, 62]. However, CMX species 
consistently accounted for between 0.28 and 0.64% of total CDS despite varying levels of AOB, 
NOB, and AMX contributions to the total metagenome (Figure 15). In all of these reactors, 
Nitrospira was identified as the majority or a major NOB species, and CMX species accounted for 




NOB CDS. Potential for nitrification through AMO, HAO, and NXR by CMX was also revealed 
(Figure 16), as well as the ability of CMX to fix CO2 for growth through the rTCA cycle (Figure 
17). Interestingly, AOB remained a higher contributor to overall ammonia oxidation capacity, 
while the contribution of CMX and NOB to overall nitrite oxidation capacity was comparable 
(Figure 16). Future studies are needed to reveal the specific abilities of CMX to compete with 
AOB, NOB, and AMX under different operating conditions. However, the detection of 
comammox in such a wide array of systems already points to the need for updating of current BNR 
models to account for the newly available metabolic pathways. 
3.4 Conclusions 
Using NGS and metagenomics, links between microbial diversity, functional potential, and reactor 
configuration were attempted in this survey. Despite expectations of at least some enrichment of 
AMX coding regions in the 12 anammox-utilizing systems, only the single-stage MBBR (VA 
MBBR 1 and 2) and the sidestream DEMON® reactor used to seed a mainstream reactor (DK 
Inoculum) contained greater than 5% of reads assigned to AMX. Furthermore, the samples not 
enriched in AMX functionality contained no obvious common thread: these included DEMON®, 
MBBR, and ClearGreenTM systems treating both sidestream and mainstream wastewater, with a 
mixture of enrichment strategies. However, relative potential for HZS production by AMX did 
remain high in all nitritation-anammox systems, indicating that enrichment in AMX bacteria may 
not be necessary for desired anammox activity. 
 Thus, this metagenomic approach has allowed us to reveal potential discrepancies between 
observed reactor performance, measurement of microbial community structure using alternative 
techniques (e.g. FISH, qPCR), the realized microbial diversity from an NGS perspective, and what 




ability of systems to provide anammox functionality despite low contributions of AMX to a 
metagenome’s total coding regions, or perhaps the ability of some systems to enrich in AMX which 
is highly active despite low representation. And again, some limitations in the interpretation of 
metagenomic data remain due to the lack of comprehensive reference genomes (especially in the 
case of AMX and CMX).  
At the same time, these results raise some legitimate concerns as to the effectiveness of 
current methods of reactor startup and biomass retention in anammox systems which must be 
followed up with investigations of overall performance and microbial activity. In this way, 
community and functional profiles can and should be more generally connected to the “health” or 
successful operation of anammox-utilizing systems, and indeed of engineered biologica l 
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4.1 Introduction  
Anaerobic ammonia oxidation (anammox) allows for the conversion of ammonia and nitrite 
directly to dinitrogen gas (N2). In conventional biological nitrogen removal (BNR), on the other 
hand, mixed communities of autotrophic ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing 
bacteria (NOB) convert ammonia to nitrite and nitrite to nitrate, and denitrifying ordinary 
heterotrophic organisms (OHO) convert nitrate to N2.  The bacteria capable of anammox (AMX) 
operate under anaerobic or limited dissolved oxygen (DO) conditions, unlike AOB and NOB, and 
therefore present the potential to save wastewater treatment plants (WWTPs) up to 60% of 
operation costs required for aeration in conventional BNR [134]. Additionally, the autotrophic 
AMX do not require any organic carbon, unlike OHOs, potentially further reducing costs and 
chemical usage.  
Typical application of anammox to wastewater treatment involves the enrichment and use 
of anammox under sidestream conditions such as anaerobic digestion centrate or filtrate. The 
relatively high temperature (30-38°C) and high influent N of sidestream wastewater [135] are ideal 
for AMX growth and activity [96, 136, 137]. Despite initial successes in the application of 
anammox, sidestreams account for only about one-quarter of nitrogen loading within a WWTP 
system [135]. Mainstream wastewater, therefore, represents a significant opportunity for cost and 
chemical usage reduction through the shift from conventional BNR to anammox-based 
deammonification.  
However, the slow growth and sensitivity of AMX have limited their application under  
mainstream wastewater conditions, where low temperature and nitrogen loading are major 
obstacles to AMX enrichment and sustained activity [55, 138]. To overcome these issues, mult ip le 




mainstream operating parameters (i.e. through reduction in operating temperature and nitrogen 
loading) [122, 136, 139-141].  
Direct enrichment of anammox under mainstream conditions through continuous biomass 
flow from a sidestream system, on the other hand, is a less-studied strategy for mainstream 
deammonification. Previous work (unpublished) has reported successful enrichment of AMX in a 
lab-scale mainstream moving bed biofilm reactor (MBBR) via bioaugmentation from a sidestream 
MBBR, and has shown stable mainstream nitrogen removal in such a setup (Li et al.). However, 
upon enrichment, such systems may be difficult to effectively incorporate into real BNR 
configurations without uncoupling, especially in WWTPs without on-site sidestream 
deammonification. Instead, the ability of AMX to successfully remove nitrogen without constant 
bioaugmentation from a sidestream could allow for the use of inoculum already enriched under 
mainstream conditions to start up standalone mainstream deammonification processes. Also, 
uncoupling of mainstream deammonification can protect mainstream anammox from high loading 
variability caused by unpredictable sidestream deammonification performance or possible failures 
in the sidestream.  
Here, we report the impact on nitrogen removal after uncoupling a mainstream 
deammonification MBBR from a sidestream deammonification MBBR. Changes in the microbia l 
community and functional potential of such a setup are also reported to complement process 





4.2  Methods 
4.2.1 Reactor operation with and without bioaugmentation 
A 6 L mainstream MBBR was operated at ambient temperature with and without coupling to a 6 
L sidestream MBBR operated at 35oC. Both reactors were operated at a 1.5 d HRT, and each 
reactor contained 2000 Kaldnes K1 biocarriers (33% v/v fill) for the attachment and growth of 
biofilms. Both reactors were maintained at pH 7.50 ± 0.3 using automated addition of a 1M 
NaHCO3 buffer. The sidestream reactor was aerated at 0.18 L/m, while the mainstream reactor 
was not aerated. As part of previous (unpublished) work by Li, et al., the mainstream MBBR was 
inoculated with 600 Kaldnes K1 carriers containing biomass from the sidestream reactor, and the 
1400 virgin carriers were successfully enriched in biofilm containing anammox through 
continuous bioaugmentation. 
Here, the reactors were first operated with coupling (Phase I), and then were operated 
separately with no flow from the sidestream reactor into the mainstream MBBR (Phase II). During 
Phase I, the sidestream MBBR was fed with 0.65 ± 0.03 kg NH4+-N/m3/d; average removal of 
nitrogen during this phase was 78 ± 6% of influent-N. Influent into the mainstream reactor was 
highly variable due to its dependence on sidestream MBBR performance, on average 0.092 ± 0.02 
kg total N/m3/d. Phase II began after 96 days of stable coupled operation. The sidestream reactor 
was fed the same level of total influent N (0.65 ± 0.03 kg NH4+-N/m3/d), while the mainstream 
reactor was fed with a 1:1 ratio of ammonia (0.022 ± 0.001 kg NH4+-N/m3/d) and nitrite (0.028 ± 
0.002 kg NO2--N/m3/d), sparged with N2. 
Samples of biomass from the biofilm and suspension of each reactor were collected 
40*HRT before and 28*HRT after uncoupling for molecular analysis (Fig. 1). Biomass from 




bacterial reagent (Qiagen, CA), centrifuged again at 8000 x g, 4°C for 10 min, and stored as pellets 
at -80°C. Biofilm biomass was directly washed with RNAProtect, centrifuged at 8000 x g, 4°C for 
10 min, and stored at -80°C. Total DNA was extracted using the Qiagen DNeasy Mini extraction 
kit protocol on a Qiacube (Qiagen, CA) and stored at -20°C prior to creation of both 16S rDNA 
and whole-genome libraries. 
 
Figure 18. Sampling strategy for 16S rRNA and whole-genome metagenomics 
4.2.2 Amplicon metagenomic sequencing targeting 16S rRNA region 
Universal bacterial 16S rRNA primers (1055F, 1392R) were fused to Ion XPress DNA Barcode 
adapters (Thermo Fisher, MA). The targeted region was amplified using PCR, with a 25µl reaction 
containing 12.5µl 2X SYBR Green, 1µl each of the forward and reverse 10µM fusion primers, 2µl 
DNA template, and 8µl nuclease-free water; a 94°C incubation for 3 min was followed by 25 
cycles of 94°C for 30 s, 53°C for 45s, and 72°C for 45 s. Amplicons were then purified using an 
Agencourt AMPure XP magnetic bead cleanup protocol (Beckman Coulter, CA) as described in 




MA). Hi-Q 400 template preparation and sequencing chemistry with a 318v2 Ion Chip was used 
on an Ion Torrent Personal Genome MachineTM (PGM) (Thermo Fisher, MA). 
 Using mothur ver. 1.36.1, reads were screened (min. ave. Phred quality score: 20, min. 
length: 300 bp, max. homopolymeric region length: 8 bp), aligned against the Silva ribosomal 
database nr ver. 123, and taxonomically classified after removal of chimeric alignments [103]. 
4.2.3  Whole-genome metagenomics 
Total DNA was fragmented, purified, and ligated to adaptor and barcodes using the Ion Xpress™ 
Plus Fragment Library Kit (Thermo Fisher, MA). A 2% E-GelTM was used to select for 450 bp 
adaptor- and barcode-ligated fragments, which were then amplified, purified, and quantified 
according to manufacturer’s instructions for the Ion Xpress™ Plus Fragment Library Kit. An Ion 
Torrent PGM was used with the Hi-Q 400 template preparation and sequencing kit and a 318v2 
sequencing chip (Thermo Fisher, MA). 
 Reads were screened (min. ave. Phred quality score: 20, min. length: 100 bp, max. 
homopolymeric region length: 8 bp) using mothur ver. 1.36.1. Screened reads were aligned using 
the Diamond blastx program (min. percent identity: 60%, max. e-value: 1e-10) [104] against a 
custom database of proteins which expanded the NCBI non-redundant (nr) protein database with 
newly available complete ammonia oxidizer (CMX) and AMX sequences (Ca. “Nitrospira 
inopinata”, Ca. “Nitrospira nitrificans”, Ca. “Nitrospira nitrosa”, Ca. “Brocadia caroliniensis”, and 
Ca. “Scalindua profunda”) [51, 60-62]. Protein alignments were used to calculate reads per 
kilobase mapped per million reads (RPKM) values for key nitrogen metabolism pathways, and R 




4.3 Results and Discussion 
4.3.1 Mainstream MBBR maintains stable N removal even after uncoupling 
The sidestream MBBR removed on average 78 ± 6% (n=12) of total influent N (infl-N) in a 4-
week period 46-74 days prior to uncoupling (Figure 19). After disconnection of the two reactors, 
28-56 days after uncoupling, the sidestream process still removed 87 ± 4% of total infl-N (n=12). 
The effluent of the sidestream reactor was directly fed into the mainstream reactor, and contained 
on average 0.092 ± 0.02 kg total N/m3/d, including 0.028 ± 0.02 kg NH4+-N/m3/d and 0.011 ± 0.01 
kg NO2--N/m3/d (46-74 days prior to uncoupling, n=12). This high level of variability in the 
influent to the mainstream MBBR during coupled operation resulted in high variability in reactor 
performance, with an average removal of 56 ± 20% of infl-N (46-74 days before uncoupling, 
n=12). Even 28-56 days after uncoupling from the sidestream bioaugmentation system, when fed 
with a consistent 1:1 ratio of ammonia and nitrite (0.022 ± 0.001 kg NH4+-N/m3/d, 0.028 ± 0.002 
kg NO2--N/m3/d), the mainstream MBBR was able to achieve stable terminal nitrogen removal of 
54 ± 5% (n=12). Although significantly reduced compared to the sidestream MBBR both before 
and after coupling, the ability of the mainstream MBBR to continue stable removal of nitrogen 
independent of bioaugmentation is promising for future standalone mainstream anammox 










4.3.2 Mainstream community driven by sidestream community during coupled operation 
 
 
Figure 20. Shift in mainstream MBBR microbial community composition with and without 
bioaugmentation 
In both the biofilm and suspension, the sidestream MBBR showed essentially identical community 
profiles during coupled and uncoupled operation, which is to be expected given consistent 
operating conditions (Figure 20, biofilm data not shown). The sidestream biofilm contained 
21.83% of 16S rRNA sequences assigned to Candidatus “Kuenenia”, the AMX used to inoculate 
the sidestream reactor, while the suspension contained only 0.95%, due to the anaerobic 
environment created within the biofilms (Figure 20). AOB (Nitrosomonas), on the other hand, 
contributed to 77.89% of 16S coding regions in the sidestream suspension, but only 2.91% in the 
biofilm, due to the increased availability of oxygen as an electron acceptor and ammonia substrate 
from the influent. NOB in the sidestream were only 0.02% of suspension and 0.20% of biofilm, 
and only Nitrospira was present. High free nitrous acid (FNA) has been shown to have a toxic 




low DO effectively selected against Nitrobacter, while Nitrospira can survive under low extant 
DO.     
 The mainstream MBBR when coupled to the sidestream showed lower levels of C. 
“Kuenenia” than the sidestream, due to the lower loading and temperature (6.80% in biofilm, 
3.37% in suspension). Nitrosomonas contributed 34.97% of 16S rRNA in the suspension and 
6.69% in the biomass despite nondetectable levels of DO, due to the constant flow of Nitrosomonas 
from the sidestream suspension into the mainstream MBBR. Lower levels of FNA allowed 
Nitrospira to survive, with 3.07% in the suspension and 10.36% in the biofilm. Although the 
mainstream MBBR showed lower levels of AOB and AMX and higher levels of NOB than the 
sidestream reactor, the ability of AOB and NOB to survive in the unaerated mainstream reactor 
and the overall community profiles indicated that their community structure was linked to that of 
the sidestream suspension.   
Similarly, the functional capabilities of AMX and AOB in the mainstream reactor followed 
those of the sidestream suspension (Figure 21). The capability for synthesis and reduction of 
hydrazine through hydrazine synthase and oxidoreductase, as well as the reduction of nitrite 
through nitrite reductase was almost identical in the sidestream and mainstream MBBRs during 
coupled operation. Also, the ability of AOB to produce ammonia monooxygenase, hydroxylamine 
oxidoreductase, nitrite reductase, and nitric oxide reductase was significantly higher in both the 
sidestream and mainstream suspension, which linked back to levels of AOB in each reactor. The 
increase in Nitrospira concentrations in the mainstream MBBR resulted in increased capability for 
nitrite oxidation and reduction, and both respiratory and dissimilatory nitrate reductase. Thus, from 




reactor with respect to AMX and AOB, yet showed distinct impacts on the levels and functiona l 
potential of Nitrospira. 
 
Figure 21. Functional capabilities of AMX, AOB, and NOB in sidestream and mainstream MBBRs 
 
4.3.3 AMX presence and functional potential in mainstream MBBR despite lack of 
bioaugmentation 
After bioaugmentation was ceased, AMX was still present and in fact was slightly more abundant 
in the mainstream MBBR, at 7.26% in the suspension and 13.74% in the biofilm (Figure 20). This 
increase could be linked to the increase in nitrite loading after uncoupling, with a stable 1:1 ratio 
of ammonia to nitrite in the feed, compared to about 2:1 ratio during coupled operation. The 
biomass samples for molecular analysis were collected 42 d after uncoupling, and therefore the 




bioaugmentation. Additionally, AMX coding capacity remained significant in the mainstream 
MBBR, promising for future applications of mainstream anammox independent of sidestream 
systems (Figure 21).  
AOB concentrations and functional capacity, on the other hand, decreased after uncoupling 
(Figure 20,Figure 21). In the suspension, Nitrosomonas decreased to 8.12% of 16s regions in the 
suspension and only 2.01% in the biofilm (Figure 20). During coupled operation, AOB 
concentrations in the mainstream were supported through constant bioaugmentation from the low 
but nonzero DO conditions of the sidestream reactor. Upon uncoupling, the lack of 
bioaugmentation and inability of AOB to thrive under anaerobic conditions led to the observed 
decrease in their growth and metabolic potential.  
NOB remained in the mainstream MBBR after uncoupling, despite zero extant DO, and 
indeed Nitrospira have been grown and even enriched under low to zero extant DO [143]. Here, 
Nitrospira represented 30.75% of 16s sequences in the suspension and 16.76% in the biofilm after 
uncoupling (Figure 20). The nitrite availability, yet lack of FNA inhibition at the levels fed into 
the reactor, and the lack of truly anaerobic conditions in the suspension compared to the biofilm 
contributed to the higher levels of Nitrospira there. Lack of aeration and high nitrite levels are 
typical strategies for NOB out-selection. Therefore, the capability of Nitrospira to overcome these 
operating conditions make the need for improved out-selection methods targeting Nitrospira 
crucial to prevent reduced functionality of mainstream anammox due to competition for nitrite. 
 
4.4 Conclusions 
These results show that, as expected, decoupling from a sidestream deammonification MBBR did 




biomass. Additionally, long after uncoupling of the mainstream reactor from a sidestream process, 
AMX functionality remained a significant contributor to the overall potential of the system, 
especially in the mainstream MBBR biofilm as expected. NOB do remain an issue and could lead 
to reduced anammox activity due to competition, unless better strategies for NOB out-selection 
under mainstream conditions are proposed. These results show that enrichment of AMX under 
mainstream conditions through bioaugmentation can allow for the significant 60% aeration cost 
reduction associated with a transition from conventional BNR to anammox, even in WWTPs 
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Enhanced biological phosphorus removal (EBPR) takes advantage of phosphorus-accumula t ing 
organisms (PAOs), which can efficiently sequester dissolved phosphate from wastewater streams 
prior to discharge into receiving water bodies, thereby helping to prevent eutrophication [63-65]. 
PAOs are heterotrophic organisms which under anaerobic conditions take up and accumulate 
organic carbon intracellulary as polyhydroxyalkanoates (PHAs) such as polyhydroxybutyrate 
(PHBs) and polyhydroxyvalerate (PHVs) [84] using energy from the cleavage of stored poly-
phosphate (poly-P) and reduction equivalents and energy from the conversion of stored glycogen. 
PHAs are in turn oxidized under aerobic or anoxic conditions to generate energy for the rapid 
accumulation of poly-P stores within the cell. By cycling activated sludge through anaerobic and 
aerobic or anoxic conditions, PAO can prevail in the sludge and net P accumulation can be 
achieved. Although incapable of P accumulation, glycogen-accumulating organisms (GAOs) 
compete with PAOs in the storage of organic carbon under anaerobic conditions and are therefore 
important to consider in EBPR systems. GAO are differentiated from PAO by their ability to use 
glycogen as the sole source of energy and reduction equivalents for anaerobic VFA storage, and 
therefore do not rely on poly-P for energy generation. Stored glycogen in PAOs was long 
considered to be used primarily to generate the reduction equivalents needed for formation of 
PHAs from VFAs. However, recent studies indicate that glycogen in PAOs may alternatively serve 
as the sole source of energy instead of poly-P cleavage during the anaerobic VFAs uptake, similar 
to GAOs.  
Understanding of the specific organisms involved in the phosphorus accumulation process 
(PAO and GAO) remains sparse. After the first observation of the EBPR process in 1959 [144, 




decades, the organism responsible for EBPR was incorrectly identified as Acinetobacter 
phosphatis [72], whereas Candidatus “Accumulibacter phosphatis” (henceforth CAP) is now 
accepted as the model dominant organism responsible for EBPR [89], and Candidatus 
“Competibacter phosphatis” (henceforth CCP) is accepted as one of the most frequently reported 
GAO that may cause deterioration of EBPR. The CAP group classification has been further refined 
(Clades IA-IE, IIA-IIH), based on distinctions in the sequences of 16s rRNA and polyphosphate 
kinase 1 (ppk1) genes, and CCP has also been refined (lineage 1-7). However, absence of axenic 
cultures of these organisms still hampers the elucidation of their metabolism.  
Several environmental genomes belonging to CAP were fully sequenced and annotated 
since 2006, including only 1 complete and 10 draft CAP metagenomes (Accumulibacter spp. UW1 
(Clade IIA), UW2 (Clade IA), SK-11 (IIF), SK-12 (IIF), BA-94 (IIF), BA-91 (IIC), SK-01 (IIC), 
SK-02 (IIC), BA-93 (IA), and BA-92 (IC)). 2 GAO metagenomes (Candidatus Competibacter 
phosphatis (CCP), lineage 1 (Ca. “Competibacter denitrificans”) and 5 (Ca. “Contendobacter 
odensis”), have been sequenced, annotated, and published to date [77, 84-86, 95]. However, it 
must be stressed that DNA for prior sequencing efforts was obtained from relatively low level-
enriched PAO bioreactors or bioreactors from which the degree of enrichment was not reported. 
Furthermore, literature regarding CAP activity is dominated by indirect studies which infer 
EBPR biochemistry through chemical analyses and reactor performance, and the few in-depth 
studies into the organisms themselves and reconstruction of their detailed metabolic pathways do 
not report corresponding physiological information. The discrepancies between indirect, reactor 
performance-based work and the various metagenomic analyses has led to unclear and conflicted 
reports regarding denitrification capabilities, GAO-type activity, and more in the different CAP 




under anaerobic conditions together suggest differences in pathways involved in energy (ATP) 
and/or reducing equivalents (NADH, NADPH) generation. For example, different genes (pap or 
ppk) or transporters could influence poly-P degradation kinetics, and different glycolysis pathways 
such as Embden-Meyerhof-Parnas (EMP) or Entner Doudoroff (ED) could be used for the 
degradation of organic carbon stores. Although magnetic resonance-based results indicated use of 
the ED pathway by PAOs [146], yet no previous CAP annotations have identified unique enzymes 
in the ED pathway, with the EMP pathway found instead [77, 84-86]. Additionally, the ability to 
use the full, split, or glyoxylate-shunted tricarboxylic acid (TCA) cycle for NADH production 
could account for changes in reaction kinetics, stoichiometry, and metabolic capability. The 
transport of substrates and production of cofactors such as K+ and Mg2+ (cofactors in poly-P 
degradation), acetate and propionate (substrates in PHA accumulation), and NADH vs NADPH 
could impact both substrate utilization capability and reaction kinetics. Also, the relative tolerance 
of CAP IC vs. CAP IIC for high salinity conditions has been shown [147, 148].  
Recent work has also suggested the existence of denitrifying PAOs (DPAOs) [67], which 
can use nitrate and/or nitrite as a terminal electron acceptor and ultimately convert these 
compounds to dinitrogen gas (N2), yet evidence on the presence and completeness of such 
pathways is contested [80]. Published studies related to the cultures analyzed there reported an 
absence of nitrate removal by CAP IC, yet denitrification capabilities of CAP IIC and CCP 4 were 
not measured [68, 82, 83] (Table 3). Thus, an incomplete denitrification pathway in CAP IC was 
hypothesized, in which the functional gene responsible for nitrate reduction to nitrite (nitrate 
reductase) is missing, while genes for subsequent steps of denitrification (nitrite reductase, nitric 
oxide reductase, and nitrous oxide reductase) may or may not be present. Lastly, the tendency of 




(EPS), leading to the formation of granules in CAP IIC cultures rather than floccular growth of 
CAP IC (Table 3) [149]. 
The distinctions in PAO and GAO activity should be linked to differences in genomic 
content, such as the presence or absence of specific genes and differences in gene copy number, 
though post-transcriptional or post-translational regulation are also likely to be involved. 
Compared to previously available metagenomes, obtained from samples containing poor or 
unreported PAO fractions or multiple PAO clades, the high level of enrichment of samples 
available for this study were expected to increase accuracy of metagenomic annotations to better 
link observed microbial activity to genomic characteristics.  
Therefore, specific research objectives were to (1) annotate the metagenomes obtained 
from highly enriched PAOs and GAO populations obtained from lab-scale EBPR reactors, (2) 
compare newly annotated metagenomes to the previously annotated environmental genomes from 
these groups, (3) connect genetic information to the performance-based observations obtained with 
the same biomass, and (4) obtain a better understanding of metabolic pathways unique to these 




Table 3. Physiological and morphological characteristics previously observed in high-enrichment PAO 




5.2.1 Enrichment cultures of PAOs and GAO 
Two PAO cultures and one mixed PAO-GAO culture were used for metagenomics analysis. The 
cultures were enriched in three similar 2.5 L double-jacketed laboratory sequencing batch reactors 
(SBRs), inoculated with activated sludge from a municipal wastewater treatment plant (Hoek van 
Holland, The Netherlands). The SBR were operated following similar procedures as previously 
described [81]. The differences in operational factors between the reactors are listed in Table 4. 
Further details regarding the operational conditions of SBR-L, SBR-S and SBR-G can be found 
elsewhere [68, 82, 83, 147, 148]. Culture samples from day 442 (SBR-S), 890 (SBR-L), and 113 
(SBR-G) of reactor operation were used for cell sorting achieved through disaggregation (biomass 




low speed centrifugation (0.5-5 minutes starting with 500 rpm and up to 2,000 rpm), with each 
step controlled by microscopy. The success of this approach was based on the fact that the large, 
storage-loaded cells of 'Ca. Accumulibacter' and 'Ca. Competibacter' were much heavier than the 
smaller accompanying satellite bacteria with no storage. 
 Table 4. Operational parameters of SBRs enriched in PAOs (CAP IC, CAP IIC) and a GAO (CCP 4) 
 
5.2.2 Identification of microbial populations 
Previous work had identified the major clades in each of the three reactors as CAP I (SBR-S), CAP 
II (SBR-L), and CCP (SBR-G) using 16S rRNA and ppk1 gene typing [82, 83]. To monitor their 
enrichment by the cell-sorting approach, 16S-rRNA gene denaturing gradient gel electrophores is 
(DGGE) was applied to samples from the enrichment cultures before and after the sorting. DNA 
extraction, PCR amplification, DGGE, band isolation, sequencing and identification of 
microorganisms from the purified enriched bands were carried out according to procedures 




the QIAquick DNEasy Mini Kit on a Qiacube instrument (Qiagen, MA) and stored at -80°C for 
metagenomic library preparation.  
5.2.3 Metagenomic Library Preparation and Sequencing 
The three metagenomic libraries were constructed using the NEBNext Fast DNA Fragmentat ion 
and Library Prep Set for Ion Torrent with an input of 500 ng total extracted DNA from each sample 
(New England Biolabs, MA). A 2% E-Gel® SizeSelect™ pre-cast gel was used for size selection 
of the fragmented and adapter-ligated DNA library (target fragment size: 400-450 bp) (Thermo 
Fisher, MA), and PCR was used to enrich these selected fragments using the NEBNext Fast DNA 
Fragmentation and Library Prep Set, Libraries were purified and quantified with the Qiaquick 
DNA Cleanup kit on a Qiacube (Qiagen, CA) and the KAPA Library Quantification kit for Ion 
Torrent (KAPA Biosystems, MA).  Template preparation with input DNA library was performed 
using the Ion OneTouch™ 400 Template Kit v2 system following manufacturer’s instructions. 
Samples were loaded onto an Ion Torrent 316 v2 chip and run with the Ion Torrent Personal 
Genome MachineTM (PGM) Sequencing 400 Kit v2 according to manufacturer’s instructions.  Ion 
Torrent Suite software ver. 4.0.2 was used for base calling, signal processing and filtering of low 
quality and polyclonal sequences.   
5.2.4 Binning and Annotation 
An in-house bioinformatics pipeline was used for quality control of raw sequencing reads and 
taxonomic-independent binning to separate the genome of interest, critical for annotation of 
species with a dearth of closely related references. Mothur ver. 1.36.1 was used to screen sequences 
(min. length = 100 bp, max. homopolymeric region length = 10 bp, min. average Phred quality 
score = 20) [103]. Screened reads were assembled into scaffolds using MIRA ver. 4.0.2 and default 




content, tetranucleotide frequency, and coverage were calculated. As described by Albertsen et al., 
HMMER 3.0 [151] and MEGAN5 [152] were used to identify copy numbers and taxonomic 
assignment of conserved single copy gene markers from the HMM database [153].  R was then 
used to select for scaffolds with coverage of ≥ 1,500X (CCP 4) or ≥ 2,500X (CAP IC and CAP 
IIC) and average GC content of between 45-65%, followed by manual extraction of scaffolds based 
on essential gene copy number and scaffold length (Figure 22) [105]. Reads associated with the 
extracted scaffolds were then considered as a bin belonging to one species, and re-assembled with 
MIRA using the same default settings. Prokka ver. 1.11 was used to predict coding regions and 
annotate genes against a database of proteins [101].    
 
Figure 22. Taxonomy-independent binning of CCP 4 metagenome using (a) coverage, GC content, and 






5.3 Results and Discussion 
5.3.1 Non-taxonomic binning enhanced assembly and annotation of novel PAO and GAO 
metagenomes 
Table 5. Metagenomic assembly after non-taxonomic binning 
 
Despite high purity of all three samples ( > 99% by FISH, Table S1), the non-taxonomic binning 
process revealed assembled genome sizes (8.04, 9.37, and 6.28 Mbp in CCP 4, CAP IC, and CAP 
IIC, respectively) and total:unique essential gene numbers (164:103, 136:101, and 106:103, 
respectively, ideally 100-105:100) inconsistent with a single CAP or CCP (data not shown). After 
binning, the assembled metagenome lengths (CCP 4: 4.386 Mbp, CAP IC: 5.044 Mbp, CAP IIC: 
5.087 Mbp) correlated more closely to other published PAO (average 5.15 Mbp) and GAO (4.62 
Mbp) metagenome lengths [84-86, 95]. Additionally, total and essential gene numbers were more 
comparable, indicating reduced interference by other organisms present in the sample (103:101 in 
CCP 4, 103:99 in CAP IC, 101:99 in CAP IIC). Coverage after binning of CCP 4 was on average  
36.13X, with 121 scaffolds at a mean length of 64719 bp. CAP IC had an average coverage of 
51.63X on 149 scaffolds with a mean length of 79622 bp, and CAP IIC had an average coverage 
of 61.28X on 192 scaffolds with 62725 bp mean length. These results pointed to a clear 
improvement in the quality of and confidence in the assembled metagenomes after non-taxonomic 




highly enriched as measured via FISH, but also were additionally purified through density gradient 
separation, the results indicated a need to critically view prior annotations with poorer levels of 
enrichment. 
5.3.2 Genome Reconstructions 
5.3.2.1 Anaerobic storage metabolism 
In both CAP IC and CAP IIC, single copies of genes coding for polyphosphate kinase (ppk1), 
which is responsible for the poly-P chain elongation using energy from the cleavage of ATP 
(Error! Not a valid bookmark self-reference.). The cleavage of poly-P under anaerobic 
conditions to produce energy for carbon storage can involve several enzymes. 
Polyphosphate:AMP phosphotransferase (pap), which uses energy derived from poly-P 
degradation to create ADP from AMP,  was identified in both CAP IC and IIC with a single copy 
number. The ADP and AMP produced by the elongation and degradation of poly-P are involved 
in a feedback loop with pap and adenylate kinase (adk) to ultimately produce ATP. Additiona lly, 
exopolyphosphatase (ppx) and polyphosphate glucokinase (ppg) hydrolyze poly-P without acting 
on ATP. All of these genes essential to the core EBPR metabolism were present in both CAP IC 
and CAP IIC. Interestingly, copy numbers for each of these genes remained consistent between 
CAP IC and CAP IIC, and therefore are insufficient to explain differences in phosphate release 
(Error! Not a valid bookmark self-reference.).  
As in previous CAP annotations [77, 84, 86], both CAP IC and IIC contained the full gene 
set coding for the Embden-Meyerhof-Parnas (EMP), yet only 2 out of 4 enzymes required for a 
functional Entner-Doudoroff (ED) pathway (glucose-6-phosphate dehydrogenase (G6PD) and 6-




accumulating metabolism (GAM) (Table 4), therefore, cannot be distinguished at the level of 
fermentative pathways, and will require further mRNA- or protein-based studies to explain. 
Table 6. Gene coding regions identified in CAP IC, CAP IIC, and CCP 4 strains 
Category Pathway Protein CAP IC CAP IIC CCP 4 
Poly-P degradation 
Poly-P:AMP phosphotransferase (pap) + +  
Adenylate kinase (adk ) + + + 
Polyphosphate kinase (ppk ) + + + 
Exopolyphosphatase (ppx) + +  










+ +  
6-phosphogluconolactonase (pgl) + +  
6-phosphogluconate dehydratase (pgd)    




Glucose-6-phosphate isomerase (G6PI) + + + 
6-phosphofructokinase (pfk ) + + + 
Fructose-bisphosphate aldolase (fba) + + + 
Triose-phosphate isomerase (TPI) + + + 
Tricarboylic acid (TCA) Cycle    
Glyoxylate 
shunt 
Isocitrate lyase (icl) + + + 
Malate synthase (aceB) + + + 
Split TCA 
cycle 
Fumarate reductase (frd) + + + 
Methylmalonyl-CoA mutase (MUT) + + + 
Acetate conversion 
Acetyl-CoA synthase (ACSS)  + + + 
Acetate kinase (ackA) + + + 
Acetoacetyl-CoA reductase (AACS) + + + 
Transporters 
High affinity inorganic phosphate 
transport system (PstABC) 
+  + 
Low affinity inorganic phosphate 
transport system (PitA) 
 +  
Denitrification 
Nitrite oxidoreductase (nxrAB)  +  
Nitrite reductase (nirBD) +  + 
Nitrate reductase (narGHI)  + + 
Nitrate reductase (napAB) +   




Nitric oxide reductase (nor) + +  
Nitrous oxide reductase (nosZ) +   
EPS formation 
Polysaccharide synthesis (pel) +   
Lipopolysaccharide synthesis (lpt) + +  
(Lipo)polysaccharide export (ABC-2) + +  
 
The methylmalonyl-CoA pathway converts pyruvate to propionyl-CoA through succinyl-
CoA, and contains two unique enzymes, fumarate reductase (frd) and methylmalonyl-CoA mutase 
(MUT). CAP IC and CAP IIC both contained copies of these two enzymes. The glyoxylate shunt 
pathway requires the isocitrate lyase and malate synthase (aceB) enzymes, and both CAP IC and 
CAP IIC also contained these two genes. Thus, the use of the TCA cycle under anaerobic 
conditions through the reductive (split) TCA or glyoxylate shunt pathways is possible in both CAP 
IC and IIC.  
Acetate utilization in both energy production and storage as PHAs has also been 
interrogated in previous metagenomic EBPR systems due to its critical role in poly-P 
accumulation. Conversion of acetate to acetyl-CoA by acetyl-CoA synthetase (ACSS) was present 
in both CAP IC and IIC, as previously observed in CAP IIA but inconclusive in CAP IA [84]. 
Acetate kinase (ackA), which can phosphorylate acetate to ultimately produce acetyl-CoA, was 
also identified in both CAP IC and CAP IIC, as was acetoacetyl-CoA reductase (AACS). Contrary 
to prior reports, no ribulose-bisphophate carboxylase (RuBisCO) genes, critical to carbon fixation 
through the Calvin-Bassham-Benson (CBB) cycle were found in either CAP IC or IIC [77, 86]. 
Interestingly, as in CAP IIF [86], CAP IIC contained the acetaldehyde dehydrogenase (adh), which 
could infer the ability the produce acetate from acetaldehyde. 
The similarity between CAP IC and IIC in terms of poly-P synthesis and degradation, 




substrate and cofactor transport, in addition to complex regulatory mechanisms at the 
transcriptional or translational level and beyond, to explain physiological distinctions. For 
example, low-affinity phosphate transporter Pit was identified in CAP IIC and high-affinity Pst in 
CAP IC, which could account for differences in the ability for P uptake at low concentrations. 
Transportation of cofactors such as potassium and manganese, produced upon cleavage of poly-P, 
was conserved across both CAP IC and IIC, and therefore was unlikely to influence PAO 
biokinetics in these samples.  
5.3.2.2 Denitrification in PAOs 
The denitrification pathway involves reduction of nitrate to nitrite by nitrate reductases 
(membrane-bound narGHIJ and periplasmic napAB), nitrite reduction to nitric oxide (NO) by 
dissimilatory nitrite reductases (nirK, nirS), reduction of NO to nitrous oxide (N2O) by nitric oxide 
reductase (norBC), and finally conversion of N2O to N2 by nitrous oxide reductase (nosZ). The 
CAP IC genome seems to contain genes encoding the full denitrification pathway, includ ing 
napAB, nirS, norBC, and nosZ. CAP IIC, on the other hand, contained narGHIJ, nirS, and norBC 
genes only, indicating lack of full denitrification capability. CAP IC also contained coding regions 
for the nirBD nitrite reductase involved in assimilatory nitrate reduction to ammonia, and the 
nitrite oxidoreductase nxrA gene was identified in CAP IIC. Observed lack of NO3- uptake by 
CAP IC could be linked to the presence of periplasmic (nap) rather than the membrane-bound 
(nar) nitrate reductase found in CAP IIC, as previously reported, due to the suggestion of nap 
activity alone as insufficient for anaerobic nitrate respiration [86]. Flowers et al. identified only 
nap in CAP IA despite observed nitrate uptake, yet the poorer enrichment level and cross-clade 
contamination in the sample (89% IA, 11% IIA by FISH) could have led to incorrect attribution 




contribute to such inconsistencies. Further work is required to verify the ability of CAP IIC to 
utilize nitrate via nar and link denitrification capability to available genes.  
 Nitrogen fixation was previously reported in CAP IIA and missing in CAP IA, yet it was 
unclear whether this was due to inadvertent screening of reads during assembly and annotation of 
CAP IA [84]. Here, CAP IIC similarly did contain nifDHK, while CAP IC was missing this 
nitrogen fixation gene (5.3.2.1 Anaerobic storage metabolism 
In both CAP IC and CAP IIC, single copies of genes coding for polyphosphate kinase (ppk1), 
which is responsible for the poly-P chain elongation using energy from the cleavage of ATP 
(Error! Not a valid bookmark self-reference.). The cleavage of poly-P under anaerobic conditions 
to produce energy for carbon storage can involve several enzymes. Polyphosphate:AMP 
phosphotransferase (pap), which uses energy derived from poly-P degradation to create ADP from 
AMP,  was identified in both CAP IC and IIC with a single copy number. The ADP and AMP 
produced by the elongation and degradation of poly-P are involved in a feedback loop with pap 
and adenylate kinase (adk) to ultimately produce ATP. Additionally, exopolyphosphatase (ppx) 
and polyphosphate glucokinase (ppg) hydrolyze poly-P without acting on ATP. All of these genes 
essential to the core EBPR metabolism were present in both CAP IC and CAP IIC. Interestingly, 
copy numbers for each of these genes remained consistent between CAP IC and CAP IIC, and 
therefore are insufficient to explain differences in phosphate release (Error! Not a valid 
bookmark self-reference.).  
As in previous CAP annotations [77, 84, 86], both CAP IC and IIC contained the full gene 
set coding for the Embden-Meyerhof-Parnas (EMP), yet only 2 out of 4 enzymes required for a 
functional Entner-Doudoroff (ED) pathway (glucose-6-phosphate dehydrogenase (G6PD) and 6-




accumulating metabolism (GAM) (Table 4), therefore, cannot be distinguished at the level of 
fermentative pathways, and will require further mRNA- or protein-based studies to explain. 
Table 6). 
5.3.2.3 Extracellular polymeric substances 
Not linked specifically to anaerobic or aerobic/anoxic metabolism, the production of EPS was 
hypothesized to influence the sludge morphology of CAP. Zhang et al. proposed the inclusion of 
EPS in EBPR models, due to its association with sludge characteristics and its use as a reservoir 
for ortho-P and short poly-P chains in the extracellular space during phosphorus cycling [149]. 
Although EPS can contain a wide variety of proteins, glycoproteins, polysaccharides, and other 
macromolecules, polysaccharide production and export have been identified in and distinguished 
between floccular and granular EBPR cultures [77, 154]. The floccular CAP IC contained genes 
for polysaccharide biosynthesis protein (pelABCDEFG), lipopolysaccharide export (lpt), and both 
lipo- and polysaccharide export through an ABC transport system (ABC-2) (5.3.2.1 Anaerobic 
storage metabolism 
In both CAP IC and CAP IIC, single copies of genes coding for polyphosphate kinase (ppk1), 
which is responsible for the poly-P chain elongation using energy from the cleavage of ATP 
(Error! Not a valid bookmark self-reference.). The cleavage of poly-P under anaerobic conditions 
to produce energy for carbon storage can involve several enzymes. Polyphosphate:AMP 
phosphotransferase (pap), which uses energy derived from poly-P degradation to create ADP from 
AMP,  was identified in both CAP IC and IIC with a single copy number. The ADP and AMP 
produced by the elongation and degradation of poly-P are involved in a feedback loop with pap 
and adenylate kinase (adk) to ultimately produce ATP. Additionally, exopolyphosphatase (ppx) 




essential to the core EBPR metabolism were present in both CAP IC and CAP IIC. Interestingly, 
copy numbers for each of these genes remained consistent between CAP IC and CAP IIC, and 
therefore are insufficient to explain differences in phosphate release (Error! Not a valid 
bookmark self-reference.).  
As in previous CAP annotations [77, 84, 86], both CAP IC and IIC contained the full gene 
set coding for the Embden-Meyerhof-Parnas (EMP), yet only 2 out of 4 enzymes required for a 
functional Entner-Doudoroff (ED) pathway (glucose-6-phosphate dehydrogenase (G6PD) and 6-
phosphogluconolactonase (pgl)) were present. The ability of CAP IIC to switch to glycogen 
accumulating metabolism (GAM) (Table 4), therefore, cannot be distinguished at the level of 
fermentative pathways, and will require further mRNA- or protein-based studies to explain. 
Table 6). Additionally, this genome contained multiple genes involved in peptidoglycan synthesis 
and transport. CAP IIC, which was observed to form granules, interestingly did not contain pel, but 
did contain lpt and the ABC-2 transport system (5.3.2.1 Anaerobic storage metabolism 
In both CAP IC and CAP IIC, single copies of genes coding for polyphosphate kinase (ppk1), 
which is responsible for the poly-P chain elongation using energy from the cleavage of ATP 
(Error! Not a valid bookmark self-reference.). The cleavage of poly-P under anaerobic conditions 
to produce energy for carbon storage can involve several enzymes. Polyphosphate:AMP 
phosphotransferase (pap), which uses energy derived from poly-P degradation to create ADP from 
AMP,  was identified in both CAP IC and IIC with a single copy number. The ADP and AMP 
produced by the elongation and degradation of poly-P are involved in a feedback loop with pap 
and adenylate kinase (adk) to ultimately produce ATP. Additionally, exopolyphosphatase (ppx) 
and polyphosphate glucokinase (ppg) hydrolyze poly-P without acting on ATP. All of these genes 




copy numbers for each of these genes remained consistent between CAP IC and CAP IIC, and 
therefore are insufficient to explain differences in phosphate release (Error! Not a valid 
bookmark self-reference.).  
As in previous CAP annotations [77, 84, 86], both CAP IC and IIC contained the full gene 
set coding for the Embden-Meyerhof-Parnas (EMP), yet only 2 out of 4 enzymes required for a 
functional Entner-Doudoroff (ED) pathway (glucose-6-phosphate dehydrogenase (G6PD) and 6-
phosphogluconolactonase (pgl)) were present. The ability of CAP IIC to switch to glycogen 
accumulating metabolism (GAM) (Table 4), therefore, cannot be distinguished at the level of 
fermentative pathways, and will require further mRNA- or protein-based studies to explain. 
Table 6). Due to the diversity of compounds which can constitute EPS, simultaneous 
measurements of EPS composition would aid in the elucidation of genes differentiating EPS 
formation across PAO clades in future metagenomic studies.  
5.3.2.4 'Candidatus Competibacter phosphatis' lineage 4 (CCP 4) (GAO) 
Genes for poly-P synthesis (ppk, ppg) were identified in CCP 4, yet the genome lacked poly-P 
degradation enzymes such as ppx and pap, as GAOs do not derive energy from poly-P cleavage. 
As in CCP 1 and CCP 5, the Pit transporter was absent in CCP 4, but the high-affinity Pst 
transporter was identified. Like CAP IC and IIC, CCP 4 did not contain genes coding for the unique 
enzymes in the ED pathway, but did include the EMP pathway. These results correlated with 
previous genome analysis of CCP 5 ('Ca. Competibacter odensis') but diverged from that of CCP 
1 ('Ca. C. denitrificans') [95].  
 The reductive branch of the split TCA cycle has been proposed as the mechanism for 
alleviating redox imbalance in GAOs brought on by the production of excess reducing equivalents 




responsible for shuttling pyruvate through succinyl-CoA to propionyl-CoA. Both CCP 1 and CCP 
5 were also identified as capable of the glyoxylate shunt pathway, and CCP 4 contained both genes 
required, isocitrate lyase (icl) and aceB.    
The CCP 4 genome contained the nar operon encoding the membrane bound dissimila tory 
Nar, consistent with the previous findings for CCP 1 and CCP 5 [95]. However, CCP 4 did not 
contain the full denitrification pathway, similar to CCP 5 but unlike CCP 1. Instead, CCP 4 
contained genes for assimilatory reduction of nitrite to ammonia (nirBD), missing from CCP 1, 
and lacked nirK and nirS as in CCP 5 [95]. With only two previously published CCP metagenomes 
available, and few studies focusing on GAO biokinetics, comparisons made at the genetic level 
across CCP lineages must be expanded. Here, the CCP 4 genome showed more similarities to CCP 
5 than CCP 1, yet in some aspects was distinct from either previously reported clade.  
5.4 Conclusions 
Although non-taxonomic binning was still critical for increased accuracy, highly enriched PAO 
and GAO reactor samples allowed for annotation of CAP IC, CAP IIC, and CCP 4 metagenomes 
with high confidence. Furthermore, the long-term operation and study of these three cultures 
provided a level of context for metagenomic results which was unavailable or less extensive in 
previous work. The addition of two new PAO annotations will ultimately aid in better EBPR 
process design and understanding of the metabolic capabilities of selected PAO strains. At the 
same time, knowledge about the metabolism of GAOs which can influence EBPR performance 
and drive up the need for substrate addition can aid attempts to control EBPR costs and stability. 
However, deeper understanding of these "storage-specialized" organisms can only be achieved 




metabolomics, and through biochemical characterization of the key enzymes involved in their 
















6.1 Key Findings 
6.1.1 More comprehensive understanding of acidogenesis and acetogenesis in anaerobic food 
waste fermenters 
As expected, the expanded database of enzymes involved in acidogenesis and acetogenesis from 
food waste revealed significant missing links in the currently cited anaerobic digestion model, and 
provided context for the different pathways capable of producing specific VFAs including formate, 
butyrate, propionate, succinate, and valerate. However, the microbial communities of two lab-scale 
food waste fermenters were surprisingly distinct, varying with HRT and feeding strategy—unlike 
VFA production and speciation—due to the substrate gradients formed. The use of the expanded 
anaerobic fermentation database to map extant metabolic pathways that each reactor was capable 
of producing under the different operating conditions led to specific links between the pathways 
available and the previously observed production of VFAs. These results have revealed a depth of 
understanding of the production of specific VFAs from food waste, which was previously 
unavailable and could not even have been achieved with the available models. The acidogenesis 
model reported here, and its ability to link metagenomic structure and functional potential to VFA 
output, will be critical to the VFA-specific process design of new systems looking to produce these 
attractive alternatives to biogas. 
6.1.2 Microbial ecology of global BNR systems reveals different picture from performance data 
Surveying of global BNR systems revealed a dissonance between nitrogen removal in pilot- and 
full-scale systems and corresponding microbial ecology and functional potential. The use of an 
expanded database did allow for the quantification of coding regions from both newly sequenced 
AMX and the three known CMX. Surprisingly, however, the contributions of AMX CDS to the 




including reactors specifically designed for nitritation-anammox, although AMX functional genes 
were universally present in the nitritation-anammox processes. CMX was detectable in all samples, 
although CMX CDS contributed little to total CDS in these systems. These findings indicate 
opportunities for the improvement of BNR community selection methods to further enhance 
nitrogen removal, especially considering the trend toward increasingly stringent nitrogen 
discharge permits. 
6.1.3 Application of anammox under mainstream conditions can be achieved 
The successful enrichment and retention of AMX biomass and its functional potential under 
mainstream conditions was maintained even without constant bioaugmentation of a sidestream 
deammonification reactor. As expected, the sidestream MBBR suspension led to enrichment of 
both AOB and AMX in the mainstream MBBR during bioaugmentation. After separation of the 
reactors, the levels of AOB and AMX decreased yet did not wash out. Thus, despite ineffec t ive 
out-selection of NOB (specifically Nitrospira spp.), anammox can be applied directly under 
mainstream conditions and a mainstream nitritation-anammox MBBR can continue to function 
independently after enrichment. These results are critical to show the viability of mainstream 
deammonification even in WWTPs which do not have an on-site sidestream deammonifica t ion 
system for constant bioaugmentation, allowing for the significant cost and energy savings 
associated with anammox. 
6.1.4 Newly annotated PAOs and GAO highlight genetic diversity   
Interestingly, some distinctions in pathways used by CAP IC, CAP IIC, and CCP 4 for poly-P 
degradation, fermentation, denitrification, and transport of substrates and cofactors were 
uncovered. At the same time, overlapping functional capabilities did not completely account for 




different responses to selective pressures. Ultimately, the annotation of PAO and GAO 
metagenomes from highly enriched samples for which long-term morphological, physiologica l, 
and performance data was available allowed for increased confidence in the resulting genetic 
insights.  
6.2 Future Implications 
The emergence of newly discovered microorganisms capable of BNRR, and newly available 
technologies to study these organisms, makes this an exciting time to achieve deeper understanding 
and, in the long run, better design of engineered waste treatment systems. The work reported here 
not only addresses current limitations in the understanding of BNRR, but also more broadly can 
expand the ability of engineers to utilize microbial metabolics more effectively and sustainab ly.  
By (1) improving current understanding of microorganisms involved in BNRR and their metabolic 
capabilities, (2) determining the impact of reactor design and operation on functional potential of 
BNRR systems, and (3) studying the microbial communities of BNRR systems under different 
conditions, we can move toward better diagnoses of underlying issues in problematic BNRR 
reactors and smarter design of new wastewater and food waste treatment options.  
In addition, the availability of such a wide array of samples from real and model waste 
treatment bioreactors had previously never been coupled with the advanced microbiologica l 
techniques of NGS and bioinformatics. Indeed, the use of meta-omics approaches to environmenta l 
systems such as the ones interrogated here remains extremely rare. By applying a systems biology 
approach to real, environmental samples, this dissertation lays the foundation for future 
interrogation of engineered bioprocesses, and pushes the boundaries of the types of questions that 
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